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Abstract 
G. robusta along with many other members of the Proteaceae is 
characterised by the presence of large rays which make up a substantial 
proportion of its wood. Previous studies with Quercus spp. which also have 
large rays have shown that ray tissue differs in its physical and chemical 
characteristics from other vascular elements, but studies of the physical and 
chemical properties of ray tissue in the Proteaceae are lacking. The presence of 
large rays in wood influences shrinkage. This study examined the anatomical, 
chemical and sorption characteristics of ray tissue in G. robusta (Proteaceae). The 
properties of ray tissue at a number of points within the stem were compared 
with those of non-ray tissue and whole wood. The influence of rays on 
shrinkage was also examined in detail. The aim of the work was twofold; to 
determine the differences in the properties of ray and non-ray tissues and to 
determine whether rays restrain or increase shrinkage in the radial, tangential 
and longitudinal directions. 
Ray tissue differed in anatomical, physical and chemical properties from 
non-ray tissue or whole wood. Ray parenchyma had thinner cell walls, larger 
lumen diameters and hence smaller cell wall areas compared to fibres. The cell 
wall thickness and lumen diameter of ray parenchyma and fibres increased with 
distance from the pith. Percent cell wall area of ray parenchyma and fibres 
decreased slightly from pith to bark. The percent multiseriate ray tissue also 
decreased slightly with increasing distance from the pith. 
Differences in the cell dimensions of the ray tissue and fibres may 
influence the chemical composition of both tissue types. Ray tissue had a lower 
cellulose, holocellulose and glucose content, but a higher extractive, lignin, 
hemicellulose and xylose content compared to non-ray tissue or whole wood. 
The extractive content of ray tissue, non-ray tissue and whole wood decreased 
with distance from the pith. The Klason lignin content of ray tissue, non-ray 
tissue and whole wood also decreased slightly with distance from the pith, 
whereas the acid-soluble lignin content was more variable and showed no 
definite trend with distance from the pith. The xylose and glucose contents- of 
whole wood were relatively constant with distance from the pith, whereas the 
xylose and glucose contents of ray tissue and non-ray tissue were more variable 
and showed no definite trend with distance from the pith. 
Ray tissue had a lower sorption capacity and fibre saturation point (FSP) 
than non-ray tissue or whole wood. The sorption capacity of the wood section 
near the bark (sapwood) was greater than that found in the inner sections 
(heartwood). 
Ray tissue in G. robusta significantly reduced shrinkage in the radial and 
tangential directions, but increased shrinkage in the longitudinal direction. The 
radial and tangential shrinkage of isolated rays was much lower than that of 
non-ray tissue and therefore rays reduced the shrinkage of whole wood in these 
directions. Linear regressions indicated that the correlation between proportion 
of multiseriate ray parenchyma and shrinkage of whole wood in the radial and 
tangential directions was negative, whereas for longitudinal shrinkage the 
correlation was positive. 
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CHAPTER ONE 
INTRODUCTION AND AIM OF THE STUDY 
1.1. Introduction 
Southern silky oak (Grevillea robusta A. Cunn.) is a native tree in sub-
tropical rainforests of eastern Australia, belonging to the large botanical family 
Proteaceae. In suitable environments G. robusta reaches a maximum height of 
about 35 m (Harwood, 1989). Reports indicate that in 1938 about 105,000 G. 
robusta trees were planted in forest reserves in Hawaii (Wrigley and Fagg, 1989). 
In Australia and New Zealand, the trees are planted as ornamentals for parks 
and roadside planting. Its value as a timber tree is known in Australia, but with 
the banning of rainforest logging in Australia, most future supplies of G. robusta 
are likely to come from plantations. 
G. robusta is widely planted in some tropical countries, as a shade tree for 
coffee and tea plantations and for agroforestry (Harwood, 1989). In India, Gho~h 
and Rao (1972) reported that large scale plantations of G. robusta might be 
developed as the species is regarded as a potential cellulosic raw material for the 
pulp and paper industry. G. robusta is also used as a timber tree in Malaysia and 
South Africa (Wrigley and Fagg, 1989). Recent reports suggest that G. robusta is 
being increasingly planted in some tropical countries particularly in Africa as it IS 
easy to establish and produces wood that is acceptable for use as sawn timber for 
building and other purposes (Harwood, 1989). The timber is also used for 
furniture, cabinet work, veneer and plywood since its rays can produce an 
attractive appearance on longitudinal surfaces. Heartwood of the timber is pink 
or light red when freshly cut, turning yellow-brown to red-brown on drying. 
Mature wood has a basic density in the range 510 - 640 kg m-3 (Keating and Bolza, 
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1982). Anatomically, G. robusta is typical of the Proteaceae having large 
multiseriate rays and the grouping of vessels and parenchyma in tangential rows 
between rays (Dadswell and Eckersley, 1935). It also has indistinct growth rings, 
vacisentric tracheids and vessels of medium size numbering 90 - 110 per 20 mm2, 
some containing red deposits (Dadswell and Eckersley, 1935). The wood has long 
fibres for a hardwood with an average length of 1.62 mm (Istas et al., 1954). 
In most hardwoods longitudinally /oriented cellular elements, i.e., fibres, 
vessels and longitudinal parenchyma, constitute the bulk of the wood and ray 
parenchyrna forms only a small percentage of the woody tissue. Because of this, 
with the exception of some studies on Quercus spp., there have been few studies 
of the anatomical, chemical and physical characteristics of ray tissue. However, 
in the Proteaceae as in Quercus, rays form a significant proportion of the woody 
tissue. Hence in G. robusta the proportion of ray parenchyma tissue and its 
physical and chemical properties are likely to significantly influence wood 
properties. In particular rays have important effects on shrinkage. Some authors 
maintain that rays restrain radial shrinkage and increase tangential shrinkage, 
while others state that rays restrain both radial and tangential shrinkage. The 
influence of rays on longitudinal shrinkage has not been examined. 
The anatomical, chemical and physical properties of wood vary within 
trees from pith to bark and this variation is usually greater than the between tree 
variation in properties. The variation in fibre dimensions from pith to bark has 
been established for some hardwood species, but studies to determine whether 
ray parenchyma dimensions vary from pith to bark have not been carried out. 
Both fibres and ray parenchyma arise as a result of division of initials in the 
vascular cambium and it might be expected that both would show variation in 
properties from pith to bark. 
With a potential increase 1n the availability of G. robusta in some 
countries, a more complete knowledge of its wood properties, particularly of 
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plantation grown trees, is important in order to evaluate its suitability for specific 
end uses. However, few attempts have been made to examine the wood 
properties of G. robusta. Istas et al., (1954) examined the fibre dimensions, i.e., 
cell wall thickness and lumen diameter and chemical composition of G. robusta 
wood. Clarke (1930) and Greenhill (1944) have examined the dimensional 
changes in G. robusta wood after drying. Apart from these studies little is known 
about the wood properties of G. robusta. 
1.2. Aim and scope of this study 
The aim of this study was twofold: firstly, to examine the anatomical, 
chemical and sorption characteristics of ray parenchyma in G. robusta and to 
determine the influence of distance from the pith on these characteristics; 
secondly, to determine the influence of ray parenchyma on shrinkage. The 
properties of isolated ray parenchyma tissue, non-ray tissue (fibres) and whole 
wood were compared, so this study also provided information on certain wood 
properties of G. robust a that are absent from the literature. The properties of 
tissues other than stem wood, i.e, barks, leaves, etc., were beyond the scope of this 
study. Axially orientated tissues, apart from fibres, i.e., vessels and longitudinal 
parenchyma, were not examined. 
1.3. Study outline 
Details of the sample preparation and procedures used to examine the 
properties of rays are presented in each chapter. Chapter 2 reviews the literature 
on the properties of rays and their effects on shrinkage. The anatomical, 
chemical, and sorption characteristics of rays and the effect of rays on shrinkage 
in the radial and tangential directions are reviewed in detail. Limited 
information on the properties of rays in G. robusta or other members of the 
Proteacea e is a va ila b le, hence the Ii tera ture review includes information on 
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other families and wood species, particularly oaks (Quercus spp.) which have 
large rays. Studies to determine whether ray parenchyma dimensions vary from 
pith to bark have not been carried out and, since the shrinkage of wood is 
influenced by the dimensions of different cellular elements and their relative 
proportions, a study (chapter 3) was carried out to examine the variation in ray 
parenchyma and fibre dimensions and ray parenchyma area from pith to bark. 
The influence that variation in ray dimensions and area may have on the 
chemical composition and shrinkage of G. robusta is discussed. 
Chapter 4 examines the chemical composition, i.e., extractive, lignin, 
cellulose, holocellulose and polysaccharide derived sugar contents of rays. The 
chemical composition of rays is compared with non-ray tissue (fibres) and whole 
wood. Again samples for analysis were taken from pith to bark to determine the 
within-tree variation in chemical composition. 
Chapter 5 examines the sorption in both adsorption and desorption of ray, 
non-ray and whole wood. The influence of variation in chemical composition 
(chapter 4) of the different tissue types on sorption characteristics is discussed. 
Chapter 6 examines the shrinkage of isolated ray and non-ray tissues and 
the effect of rays on the shrinkage anisotropy of whole wood. An attempt to 
relate the findings of chapters 3, 4 and 5 to the shrinkage pa ttems observed is 
made. 
Finally chapter 7 presents a general discussion of the research, draws 
conclusions and suggests possible areas for further research. 
I, 
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CHAPTER TWO 
THE PROPERTIES OF RAY P ARENCHYMA AND THEIR EFFECT ON 
SHRINKAGE: A REVIEW OF THE LITERATURE 
2.0. Introduction 
Wood properties vary greatly within and between trees and change in 
response to different environmental conditions (Zobel and Van Buijtenen, 1989). 
Within the tree stem, variation occurs in the anatomy, chemical and physical 
properties of wood. Larson (1969, quoted by Haygreen and Bowyer, 1982) states 
that during wood formation, a number of factors both inside and outside the tree 
lead to variation in the type, number, shape and physical structure and chemical 
composition of the wood elements. 
Hardwoods are structurally more heterogeneous than softwoods due to 
the presence of vessel elements, vascular and vasicentric tracheids and the high 
proportion of axial and radially orientated parenchyma cells (MacDonald and 
Franklin, 1965). These differences are in part responsible for the great differences 
in the chemical composition (Rydholm, 1965) and physical properties, i.e., cell 
dimensions, sorption characteristics and shrinkage (Brown and Panshin, 1940; 
Taylor, 1969) of hardwoods. 
Hardwood fibres are elongated cells with pointed ends and either a thick 
or not infrequently thin wall with bordered (fibre/tracheid) or simple pits 
(libriform fibre). The term fibre is commonly used (Panshin and De Zeeuw, 
1980) to describe hardwood libriform and fibre/ tracheids. Wood rays are sheets 
of parenchyma extending in a radial direction from the cambium (Carlquist, 
1988). When a ray consists of several rows of cells, when viewed in tangential 
section, it is termed a multiseriate ray (broad ray); if only one row of cells is 
present it is termed a uniseriate ray (fine ray). By volume or area, rays are an 
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important component of some wood species, particularly members of the 
Proteaceae and Fagaceae, i.e., Quercus spp., and in these species they have an 
important influence on certain wood properties. 
This chapter reviews the properties of ray parenchyma in G. robusta and 
their effect on shrinkage. The properties of ray parenchyma are compared with 
those of fibres. Since information on ray parenchyma of G. robusta is sparse the 
review frequently uses examples from Quercus spp. for which more information 
is available. 
2.1. Function, form and ultrastructure of ray parenchyma 
2.1.1. Function of ray parenchyma 
Ray parenchyma cells are the only living cells in the secondary xylem. In 
contrast to the other cellular elements, they contain not only water but also 
protein, starch and fats (Rydholm, 1965). The function of ray parenchyma cells in 
sapwood is to transport materials in solution to and from the cambium and 
inner bark. Food, such as starch, is produced in the leaves and conducted down 
the stem through the inner bark tissue and further through the ray parenchyma 
for storage. 
2.1.2. Form and ultrastructure of ray parenchyma 
Ray parenchyma cells in both softwoods and hardwoods show variations 
in their wall structure which are not observed in the cell walls of tracheids or 
fibres (Harada and Cote, 1985). For example, studies by Chafe and Chauret (1974) 
suggested that the primary wall of ray parenchyma cells in trembling aspen 
(Populus tremuloides Michx.) and some other hardwood species consisted of a 
number of lamellae. Whereas the secondary walls of axial parenchyma, fibres 
and tracheids demonstrated typical S11 S2 and S3 layered arrangements, ray 
parenchyma displayed a complex multilamellate structure (Chafe and Chauret, 
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1974). The inner and outer secondary wall regions were primarily cellulosic in 
nature while the middle region consisted of an isotropic layer which was high in 
lignin and hemicelluloses, but low in cellulose. Fujii et al., (1981; quoted by 
Harada and Cote, 1985) also found that the secondary wall of ray parenchyma 
cells in chestnut (Castanea crenata Mill.) and 50 other Japanese hardwoods 
possessed an amorphous layer which corresponded to the isotropic layer 
suggested by Chafe and Chauret (1974). This amorphous layer was rich in 
hemicelluloses and lignin. 
2.2. Cell dimensions of ray parenchyma and fibres and variation in the 
dimensions and proportions of ray parenchyma and fibres within the stem 
2.2.1. Introduction 
Cell dimensions of wood vary between trees, within trees from pith to 
bark and also from the base of the tree to the top (Zobel and Van Buijtenen, 
1989). There are only a small number of papers concerned with the within tree 
variation in the anatomical properties of ray parenchyma and fibres in 
hardwoods (Bamber and Curtin, 1972; Fuzakawa and Ohtani, 1982; Fuzakawa, 
1984; Taylor, 1973 and Taylor and Wooten, 1973). 
2.2.2. Cell dimensions of ray parenchyma and fibres 
The dimensions of ray parenchyma cells in G. robusta have not been 
examined, but fibre dimensions of G. robusta growing in Zaire at an elevation of 
2000 m were examined by Istas et al., (1954). Fibres had a cell wall thickness of 5.7 
µm and a lumen diameter of 15.3 µm. A number of studies have examined fibre 
dimensions in Quercus spp. Maeglin and Quirk (1983) found that ray cell wall 
thickness in red (Quercus rubra L.) and white oak (Quercus alba L.) were 2.30 µm 
and 2.38 µm, respectively. Lu1nen diameter of ray cells of the same species were 
12.96 µm and 12.59 µm, respectively. Musha and Goring (1975a) reported that the 
mean ray cell wall thickness of 10 broad-leaved species was 1.2 µm. Table 2.1 
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shows the variation in ray parenchyma and fibre cell wall thickness of several 
hardwoods. Without exception fibre cell wall thickness exceeded ray cell wall 
thickness. No comparable figures for ray cell wall thickness and lumen diameter 
of G. robusta or other members of the Proteaceae are available. 
Table 2.1. Average ray and fibre cell wall thickness of some North 
American hardwood species 
Species Cell wall thickness (µm) 
Ray Fibre 
White oak (Quercus alba L .) 2.4 3.5 
Red oak (Quercus rubra L.) 2.3 4.0 
Eastern cotton wood (Populus deltoides Bartr.) 1.0 1.8 
White elm (Ulmus americana L.) 1.6 2.9 
Red alder (Ulmus rubra Bong.) 0.9 2.1 
Black cotton wood (Populus tricocarpa Torr. and Gray) 1.0 2.8 
Trembling aspen (Populus tremuloides Michx.) 0.8 2.1 
Cascara buckthom (Rhamnus purshiana D.C.) 1.0 2.0 
Sweetgum (Liquidambar styraciflua L.) 1.4 5.5 
White birch (Betula papyrifera Marsh.) 1.4 3.0 
Madrone (Arbutus menziesii Pursh.) 1.8 3.8 
Yellow birch (Betula lutea Michx. f.) 1.3 2.8 
1. Maeglin and Quirk (1983), 2. Musha and Goring (1975a) 
Ref. 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
Variation in ray parenchyma cell dimensions from pith to bark has not 
been examined, but a number of studies have examined the variation in fibre 
cell wall thickness and lumen diameter across the stem. Fibre dimensions either 
increase or decrease from pith to bark depending on the species examined, but 
within these general trends considerable variation occurs. However, an increase 
in fibre cell wall thickness from pith to bark has been reported for most 
hardwood species (Bamber and Curtin, 1972; Fukazawa and Ohtani, 1982; 
Fuzakawa, 1984; Taylor, 1973; Wheeler, 1987 in Zobel and Van Buijtenen, 1989). 
2.2.3. Proportions of cellular elements and variation in cell wall areas of ray 
parenchyma and fibres 
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Fibres are known to be the most numerous longitudinal elements in 
hardwoods. Panshin and De Zeeuw (1980) quoted some data to show that in 
some hardwoods, fibres constituted up to 75.7 % by volume of the whole wood. 
However, in other hardwoods, for example, L. styraciflua fibres represented only 
26.6 % of the whole wood by volume. In the latter species, vessels made up 54.9 
% of the wood, while radial and axial parenchyma made up 18.3 % and 0.2 % of 
the wood, respectively. In certain species, however, the percent ray parenchyma 
can be very high (Table 2.2). Myer (1922) found that in 54 North American 
Table 2.2. Average ray volume of some oaks (Quercus spp.) and other 
hardwoods 
Species Ray volume (%) Ref. 
Swamp white oak (Quercus bicolorWilld.) 29.7 
Live oak (Quercus virginiana Mill.) 32.2 
Holm oak (Quercus ilexL.) 34.1 
English oak (Quercus robur L.) 20.6 
Burr oak (Quercus macrocarpa Michx.) 20.6 
Black oak (Quercus velutina L.) 31.4 
White oak (Quercus alba L.) 28.0 
Red oak (Quercus rubra L.) 21.4 
European birch (Betula verrucosa Ehrh.) 10.1 
European beech (Fagus sylvatica L.) 18.2 
Willow (Salix alba L.) 9.2 
American mahogani (Swietenia macrophylla King) 22.0 
Sugar maple (Acer saccharum Marsh) 16.0 
Eastern cotton wood (Populus deltoides Bartr.) 6.0 
Red alder (Alnus rubra Bong.) 7.0 
Sweetgum (Liquidambar styraciflua L.) 15.0 
1. Myer (1922); 2. Petric and Scukanec (1975); 3. French (1923, quoted by 
Panshin and De Zeeuw, 1980); 4. Barclay (1955) and 5. Musha and Goring 
(1975a) 
1 
1 
2 
2 
3 
3 
3 
3 
2 
2 
2 
4 
4 
5 
5 
5 
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hardwood species the maxnnum ray volume was found in tanbark oak 
(Lithocarphus densiflorus Hook and Arnold (Rehder)). In this species, rays 
represented 42.3 % of the wood by volume. The ray parenchyma volume in 
Quercus and some other hardwood species has been examined by a number of 
authors (Table 2.2). The ray volume of Quercus spp. is generally greater than for 
most North American hardwoods (Myer, 1922). Data on the ray volume of G. 
robusta or other members of the Proteaceae is not available. 
Variation in the proportion of ray parenchyma with distance from the 
pith has been reported for a number of hardwood species (Taylor and Wooten, 
1973; Fukazawa, 1984; Taylor, 1973). The proportion of rays increased slightly 
from the pith outwards in Japanese large leaf birch (Betula maximowicziana 
Regel.); Katsura (Cercidiphylum japonicum Sieb. et Zucc.) and slippery elm 
(Ulmus fulva Michaux) (Fukazawa, 1984) and decreased from pith to bark in 
sugarberry (Celtis laevigata Wild) and black willow (Salix nigra Marsh.). No 
definite variation in ray proportion with distance from the pith was found in 
yellow poplar (Liriodendron tulipifera L.) (Taylor, 1973). Taylor (1973) also 
reported that in rose gum (Eucalyptus grandis W. Hill ex Maiden) the 
proportion of rays from pith to bark was constant. Scaramuzzi (1958; in Zobel 
and Van Buijtenen, 1989) found very little variation in the proportion of various 
hardwood cellular elements from the pith outwards, but ray volume showed 
some variation with distance from the pith. Again, data on the proportion of 
rays from pith to bark is not available for G. robusta or other members of the 
Proteaceae. 
Few attempts have been made to examine ray parenchyma and fibre cell 
wall area. Musha and Goring (1975a) working with 10 broad-leaved species 
reported that fibres had a much greater cell wall area than ray parenchyma. For 
example, in L. styraciflua fibres accounted for 76 %, while ray parenchyma and 
vessels were responsible for 11.5 and 12.5 % respectively of the total cell wall area. 
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Data on the variation in ray parenchyma and fibre cell wall area from pith to 
bark is sparse. Cown (1975) working with radiata pine (Pinus radiata D. Don) 
found that tracheid cell wall area increased with distance from the pith. No 
information on the variation in ray cell wall area with distance from the pith is 
available for G. robusta. 
2.3. Chemical composition of ray parenchyma and fibres 
2.3.1. Introduction 
The chemica 1 composition of wood, i.e., cellulose, hemicellulose, lignin 
and extractive content, is not uniform. Differences can arise between species, 
between trees of the same species and also within trees (Browning, 1963). Within 
a tree, variation in chemical composition occurs with distance from the pith and 
with height in the stem. Furthermore, chemical differences have also been 
observed between sapwood and heartwood and earlywood and latewood, 
between cell types and even between individual cells (Browning, 1963). 
2.3.2. Extractive content of ray parenchyma and fibres 
Extractives are a minor constituent of wood and have not been considered 
to play a structural role in wood (Browning, 1963). In some hardwood species, 
however, extractive contents can be very high. For example, in jarrah 
(Eucalyptus marginata Don ex Sm.) extractives represented up to 31 % of the dry 
weight of heartwood (Hillis, 1985). 
Ray cells have been reported to possess a higher extractive content than 
fibres and tracheids (Table 2.3) (Harlow and Wise, 1928). For example, the hot-
water soluble extractive content of rays in Q. alba was 7.5 % compared to 5.8 % for 
whole wood. Attempts have been made to relate the proportion of rays to the 
extractive content of wood (Hemingway and Hillis, 1971 and Nelson, 1975). 
Hemingway and Hillis (1971) found that there was a positive correlation between 
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Table 2.3. Extractive content of ray tissue and whole wood (Harlow and 
Wise, 1928) 
Extractive content (%) Species, tissue 
type Hot-water Alcohol-benzene Alcohol-benzene 
Flame she-oak (Casuarina inophloia 
F. Muell. and Bailey) 
Ray 
Whole wood 
White oak (Quercus alba L.) 
Ray 
Whole wood 
10.8 
10.7 
7.5 
5.8 
(from shavings) (from sawdust) 
19.9 
20.2 
18.7 
18.9 
22.2 
21.7 
ray volume and extractive content in Douglas-fir (Pseudotsuga menziesii (Mirb.) 
Franco). Nelson (1975), however, reported no effect of ray volume on extractive 
content of black walnut (Juglans nigra L.) and Q. rubra. 
There are distinct variations in extractive content with distance from the 
pith (Buchanan, 1963 and Campbell et al., 1990). Stewart et al., (1951; quoted in 
Hillis, 1962) reported that the extractive content of heartwood in mountain ash 
(Eucalyptus regnans F. Muell.) increased with distance from the pith. Sherrard 
and Kurth (1933) and Nelson (1975) also found that the extractive content of 
hardwoods increased from the pith to the outer heartwood and then decreased in 
the sapwood to the bark. In contrast, Olson and Carpenter (1985) reported the 
converse, i.e., heartwood had a lower extractive content than sapwood. They 
reported that in paulownia (Paulownia tomentosa Steud.) the extractive content 
of sapwood was twice that of heartwood. They attributed this surprising result to 
the extraction of soluble sugars from the hemicellulose fraction of sapwood. 
However, since the sapwood analysed in their study was only one growth ring 
the contribution made by these soluble sugars to the total extractive content was 
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limited. Variation in extractive content of ray tissue with distance from the pith 
has not been examined. 
2.3.3. Lignin content of ray parenchyma and fibres 
Lignin is an amorphous polymeric material which accounts for 18 to 38 °/o 
by weight of mature wood tissue (Sarkanen, 1963). The lignin content of G. 
robusta is reported to be 21.9 °/o (Istas et al., 1954). 
Table 2.4. Lignin content of ray tissue, non-ray tissue and whole wood 
Species 
Lignin content (0/o) 
Ref. 
Ray Non-ray Whole wood 
Flame she-oak (Casuarina inophloia 37.5 30.0 1 
F. Muell. and Bailey) 36.7 30.3 
White oak (Quercus alba L.) 32.7 25.8 1 
31.8 26.0 
Japanese oak (Quercus mongolica 
Fish.) 
Sapwood 26.3 22.6 2 
Heartwood 27.2 22.7 
Southern silky oak (Grevillea robusta 21.9 3 
A. Cunn.) 
Red pine (Pinus resinosa Ait.) 40.0 27.0 4 
Scots pine (Pinus sylvestris L.) 40.0 30.0 5 
1. Harlow and Wise (1928); 2. Ishii and Shimizu (1987); 3. Istas et al., 
(1954); 4. Hoffmann and Timell (1972); 5. Perila and Heito (1959; 
quoted by Hoffmann and TimeU, 1972). 
Variation in lignin content occurs between species and trees (Harlow and 
Wise, 1928; Sarkanen, 1963; Musha and Goring, 1975b; White, 1987; Klungness 
and Sanyer, 1981) and within trees with distance from the pith (McMillin, 1968 
and Campbell et al., 1990). Lignin content also varies between different cell types 
(Horn, 1981; Klungness and Sanyer, 1981; Ishii and Shimizu, 1987; Musha and 
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Goring, 1975a, 1975b; Fergus and Goring, 1970; Saka and Goring, 1985). Rays 
usually have a higher lignin content than fibres or whole wood (Harlow and 
' Wise, 1928; Cote et al., 1967; Fergus and Goring, 1970; Fergus et al., 1969; Parham 
and Cote, 1971; Saka and Goring, 1985). For example (Table 2.4), the lignin 
content of the ray fraction in Japanese oak (Quercus mongolica Fish.) heartwood 
was 27.2 % compared to 22.7 % for the non-ray fraction (Ishii and Shimizu, 1987). 
No data is available for the lignin content of ray tissue in G. robusta or other 
members of the Proteaceae. The lignin content of whole wood generally 
decreases from pith to bark (Uprichard, 1971 and McMillin, 1968) and from 
heartwood to sapwood (Sarkanen, 1963), although Campbell et al., (1990) found 
similar lignin contents in both the heartwood and sapwood of lodgepole pine 
(Pinus contorta Dougl.). Information on the variation in lignin content of ray 
tissue with distance from the pith is not available. 
2.3.4. Cellulose content of ray parenchyma and fibres 
Woody plants are composed of a variety of polymeric carbohydrates of 
which cellulose is the most abundant. The cellulose content of hardwoods is 40 
to 44 % by weight of dry wood tissue (Haygreen and Bowyer, 1982). The cellulose 
content of G. robusta was found to be 53.03 % (Istas et al., 1954), but care needs to 
be taken when comparing cellulose content figures for wood since they vary 
according to the method used in the chemical analysis (Browning, 1963). 
There are variations in cellulose content between species and trees and 
within trees with respect to distance from the pith (Uprichard, 1971; Uprichard 
and Lloyd, 1980; McMillin, 1968; Harwood and Uprichard, 1969 and Campbell et 
al., 1990). There are also differences in cellulose content between different cell 
types (Hoffmann and Timell, 1972; Perila, 1961). Ray parenchyma has a lower 
cellulose content than tracheids, fibres or whole wood (Harlow and Wise, 1928; 
Hoffmann and Timell, 1972; Perila ,1961; Horn, 1981 and Klungness and Sanyer, 
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1981). For example, the cellulose content of the ray tissue fraction in C. inophloia 
was 32.6 °/o compared to 38.8 °/o for whole wood (Harlow and Wise, 1928). Table 
2.5 shows the differences in the cellulose content of ray tissue, non-ray tissue and 
whole wood for both softwoods and hardwoods. Comparable figures for G. 
robusta are not available. 
Table 2.5. Cellulose content of ray tissue, non-ray tissue and whole wood 
Species 
Flame she-oak (Casuarina inophloia 
F. Muell. and Bailey) 
White oak (Quercus alba L.) 
Red pine (Pinus resinosa Ait.) 
Scots pine (Pinus sylvestris L.) 
Cellulose content (0/o) 
Ray Non-ray Whole wood 
32.6 38.8 
32.4 39.2 
41.8 55.0 
42.1 55.2 
35.0 42.0* 
30.0 39.0* 
Ref. 
1 
1 
2 
3 
* : Tracheids; 1. Harlow and Wise (1928); 2. Hoffmann and Timell (1972); 
3. Perila and Heito (1959; quoted by Hoffmann and Timell, 1972). 
Cellulose content varies from pith to bark. For example, the cellulose content of 
P. radiata increased from pith to bark (Dadswell and Hillis, 1962 and Uprichard 
and Lloyd, 1980). Campbell et al., (1990) also reported that the sapwood of P. 
con tort a had a higher cellulose content than heartwood. Again, comparable 
studies of the variation in cellulose content of G. robusta from pith to bark have 
not been carried out. 
2.3.5. Holocellulose content of wood 
The total carbohydrate fraction of wood after removal of lignin and 
extractives is termed holocellulose. Holocellulose accounts for 60 to 85 °/o by 
weight of normal wood tissue (Panshin and De Zeeuw, 1980). 
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Holocellulose content varies between species (Campbell et al., 1990; Ishii 
and Shimizu, 1987; Smelstorious, 1974; McMillin, 1968 and Perila, 1961), with 
distance from the pith (Campbell et al., 1990) and between different cell types 
(Perila, 1961 and Ishii and Shimizu, 1987). Perila (1961) and Ishii and Shimizu 
(1987) reported that ray cells had a lower holocellulose content than fibres and 
tracheids. For example, the holocellulose content of the ray tissue fraction in Q. 
mongolica was 69 % compared to 74 % for the non-ray tissue fraction (Ishii and 
Shimizu, 1987). No figures are available for the holocellulose content of rays or 
wood of G. robusta. A slight increase in holocellulose content from pith to bark 
has been reported for loblolly pine (Pinus taeda L.) (McMillin, 1968) and 
Campbell et al., (1990) found that sapwood had a higher holocellulose content 
than heartwood in P. contorta. Again, no comparable figures are available for G. 
robusta. 
2.3.6. Polysaccharide derived simple sugars 
Hydrolysis of wood by acids produces simple sugars, i.e., D-glucose, D-
mannose, D-galactose, D-xylose and L-arabinose that are derived from the 
structural polysaccharides found in wood. In some woods a small amount of L-
rhamnose is also produced (Browning, 1963). D-glucose is derived from cellulose 
and to a lesser extent the hemicelluloses whereas the other sugars are derived 
from hemicelluloses. 
The variations in the polysaccharide derived sugar content of wood has 
been extensively examined (Flanders, 1952; quoted by Schuerch, 1963). Although 
few generalisations are possible, hardwoods from North America and Europe 
commonly have a higher pentose (xylan) content than softwoods. 
In certain species, variation in sugar compositions of isolated ray tissue 
and non-ray tissue has been studied (Perila, 1961; Meier, 1961; Horn, 1981; 
Klungness and Sanyer, 1981 and Ishii and Shimizu, 1987). All of the findings 
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have suggested that ray cells in both softwoods and hardwoods have a higher 
xylose content than tracheids or fibres (Table 2.6). For example, the xylose 
content of the ray tissue fraction of Q. mongolica heartwood was 26.3 % of the 
total polysaccharide derived sugar content. This compares with a xylose content 
of 22.7 % for the non-ray tissue fraction (Table 2.6). In both softwoods and 
hardwoods the mannose content of ray cells is lower than in tracheids or fibres 
(Perila, 1961 and Ishii and Shimizu, 1987), but the ara binose and galactose 
contents of ray cells are higher than in non-ray tissue (Perila, 1961 and Ishii and 
Shimizu, 1987). Glucose is higher in non-ray than in ray tissue (Ishii and 
Shimizu, 1987). This accords with the finding that the cellulose content of non-
ray tissue is higher than in ray tissue. No figures are available for the 
polysaccharide derived sugar content of ray and non-ray tissues in G. robusta. 
Table 2.6. Polysaccharide derived sugar content of ray and non-ray tissues 
in various hardwoods 
Species, Position % polysaccharide derived sugars Ref. tissue type Rha. Ara. Xyl. Man. Gal. Glu. 
Japanese oak 
( Quercus mongolica Fish.) 
Ray heartwood 0.3 0.7 26.3 2.8 1.2 68.7 1 
Non-ray 0.2 0.3 22.7 2.4 0.9 73.5 
Ray sapwood 0.4 0.6 27.5 2.1 1.4 68.0 1 
Non-ray 0.3 0.4 24.4 2.2 0.8 71.9 
Quebraco colorado 
(Schinopsis balansae Engl.) 
Whole wood heartwood 0.5 0.7 27.0 2.1 2.4 67.3 2 
sapwood 0.1 1.1 21.1 1.4 1.3 75.0 
Rha: rhamnose; Ara: arabinose; Xyl: xylose; Man: mannose; Gal: 
galactose; Glu: glucose; 1. Ishii and Shimizu (1987); 2. Fengel (1991 ). 
Few attempts have been made to examine the within tree variation in 
polysaccharide derived sugar contents. Larson (1966) found that the mannose 
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content of P. resinosa increased and the galactose content decreased with distance 
from the pith. Ishii and Shimizu (1987) reported that the heartwood of Q. 
mongolica had a higher glucose, but a lower xylose content than sapwood. In 
contrast, Fengel (1991) found that Quebraco colorado (Schinopsis balansae Engl.) 
heartwood had a lower glucose, but a higher xylose content than sapwood. The 
within tree variation in ray and non-ray polysaccharide derived sugar contents 
has not been examined. 
2.4. Water sorption characteristics of ray and non-ray tissues 
2.4.1. Introduction 
The term sorption is used here as a general term to include adsorption 
and desorption. The currently held concept of water sorption by wood, which is 
characterised by a sigmoid isotherm, is regarded as a composite resulting from 
three basic effects (Skaar, 1988). Firstly, sorption involves the formation of a 
monolayer of water molecules held by hydrogen bonds at polar sites on 
molecular surfaces in the non-crystalline regions of the cell wall. Secondly, 
polymolecular water is held in solid solution or as multilayers on the first 
formed monolayer. Thirdly, water is held in cell wall voids as a result of 
capillary condensation of water vapour. 
At a given relative humidity and temperature the moisture content of 
wood and its constituents differs depending on whether they are in a state of 
adsorption or desorption. The moisture content of wood and its constituents is 
generally higher during desorption than during adsorption (Skaar, 1988). 
Much work has been undertaken on the sorption characteristics of 
different kinds of wood species (Skaar, 1988). Most species show consistent 
sorption characteristics (Wangaard and Granados, 1967), but variation in the 
sorption characteristics of wood has also reported (Choong and Achmadi, 1991 
and Spalt, 1958). 
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2.4.2. The sorption characteristics of ray and non-ray tissue 
Few attempts have been made to determine the sorption characteristics of 
ray tissue and non-ray tissue. Morchauser and Preston (1954, quoted by Skaar, 
1988) claimed that the low shrinkage of ray tissue in Q. borealis compared to the 
longitudinal elements was due to its low hygroscopicity. They reported that the 
fibre saturation point (the point at which shrinkage commences) of ray tissue 
was 17.63 % compared to 25.57 % for longitudinal tissue. Chomcham and Skaar 
(1983) plotted the shrinkage of basswood (Tilia americana L.), B. verucosa and 
cherry (Prunus avium L.) against drying time and found that radial shrinkage 
was delayed compared with tangential shrinkage. They attributed this to the low 
fibre saturation point of the ray tissues. In addition, Chomcharn and Skaar (1983) 
theorised that the ray tissues dried more slowly than longitudinal tissues. 
Support for this suggestion comes from Hart (1984). He found that water was 
retained in parenchyma cells, including ray cells of green hardwood samples, at 
humidities as low as 93 %. In contrast, Kawamura (1982b) working with Japanese 
vigorous oak (Quercus glauca Thunb.) reported that the moisture contents of 
broad rays during adsorption and desorption were slightly higher than those of 
whole wood. Additionally, when the shrinkage and swelling of Q. glauca were 
plotted against moisture content (up to 30 %), dimensional changes of rays 
always appeared lower than those of whole wood irrespective of wood moisture 
content (Kawamura, 1982b). The sorption characteristics of G. robusta or other 
members of the Proteaceae have not been examined. 
2.4.3. The effect of wood chemical composition on sorption 
Differences in the sorption capacity of different wood species and wood 
elements are related to differences in their chemical composition (Wangaard and 
Granados, 1967). Christensen and Kelsey (1958) working with isolated wood 
constituents, i.e., cellulose, hemicellulose and lignin derived from E. regnans, 
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found that the sorption isotherms for the different constituents were generally 
similar, but hemicellulose was the most hygroscopic and lignin the least 
hygroscopic. The hygroscopicity of cellulose fell between that of hemicellulose 
and lignin (Table 2.7). It has been suggested by Odintsov (1957; quoted by Boyd, 
1974) that the lower hemicellulose content in radial compared to tangential cell 
walls could account for some of the shrinkage anisotropy of wood because the 
hemicelluloses have a greater sorption capacity than cellulose and lignin. 
Furthermore, Sen and Hermans (1949; in Kelsey, 1963) also noted that in the cell 
walls of jute (Corchorus capsularis Linn.) fibres, lignin exerts a restraining effect 
on dimensional responses due to sorption. Roy and Sen (1959; quoted in Kelsey, 
1963) also noted that delignification of C. capsularis fibres led to an increase in 
dimensional changes during sorption. 
Table 2.7. Adsorption of water vapour by the isolated chemical 
components of E. regnans (Christensen and Kelsey, 1958) 
Component Sortive capacity Contribution to 
relative to wood total sorption 
Hemicellulose 1.56 0.37 
Holocellulose 1.09 
Wood 1.00 
Cellulose 0.94 0.47 
Lignin 0.60 0.16 
Total 1.00 
The effect of extractives on the sorption characteristics of wood has 
received some attention. A number of investigations have shown that wood 
species with a high extractive content exhibit reduced hygroscopicity as reflected 
by their depressed fibre saturation points (Higgins, 1957; Spalt, 1958; Wangaard, 
1957 and Wangaard and Granados, 1967). Choong and Achmadi (1991) working 
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with sixteen tropical hardwoods found that removal of extractives increased 
adsorption and desorption at high relative humidities, i.e., above 70 % r.h. 
Differences in the sorption characteristics of wood species were due to the 
bulking effect of the extractives. However, a slight decrease in moisture content 
following removal of extractives has been observed in western hemlock (Tsuga 
heterophylla (Raf.) Sarg.) (Seborg, 1937), but the original extractive content of this 
species was low. 
2.5. Effect of rays, earlywood and latewood density and chemical composition on 
the shrinkage of wood 
2.5.1. Introduction 
The term 'shrinkage of wood' usually refers to the changes in wood 
dimensions and volume resulting from changes in moisture content below the 
fibre saturation point (FSP). Many factors including the physical and chemical 
composition of wood influence shrinkage. Frey Wyssling (1940; quoted in 
Boyd,1974) and Nakata (1958; quoted in Kelsey, 1963) found that there was a 
correlation between the proportion of cell wall material and shrinkage. The 
shrinkage of wood is anisotropic, i.e., shrinkage of whole wood is usually 
negligible in the longitudinal direction and greatest in the tangential direction. 
Radial shrinkage is usually half that of tangential shrinkage. Rays are thought to 
restrain shrinkage and their effect on the radial and tangential shrinkage of wood 
has been examined a number of times (Clarke, 1930; Greenhill, 1944; Lindsay and 
Chalk, 1954; Kawamura, 1979, 1982a, 1984; McIntosh, 1955a, 1955b, 1957; Hale, 1957 
and Wijesinghe, 1959). Structural differences between earlywood and latewood 
also influence the ratio of tangential to radial shrinkage (Hale, 1957 and 
McIntosh, 1957). The effect of chemical composition on shrinkage anisotropy has 
also received so1ne attention (Bosshard, 1956; Clarke and Pettifor, 1940; Chafe, 
1987, 1990; Choong and Achmadi, 1991; Kelsey, 1963 and Salamon and Kozak, 
1967). 
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2.5.2. Effect of rays on shrinkage 
The effect of rays on shrinkage varies between species and between trees. 
The extent to which rays restrain the radial shrinkage of wood remains 
controversial. A number of investigators ( Clarke, 1930; Lindsay and Chalk, 1954; 
Greenhill, 1944; Wijesinghe, 1959; McIntosh, 1955a and Kawamura, 1979, 1982a, 
1984) have found that radial shrinkage of whole wood is lower than in ray-free 
wood. This has been attributed to the restraining effect of rays which show low 
shrinkage in the radial direction. The variations in shrinkage of rays, non-ray 
tissue and whole wood for various wood species are shown overleaf in Table 2.8. 
The data suggests that to some extent rays are responsible for the difference in 
shrinkage between the radial and tangential directions. In contrast to this, Boyd 
(197 4) concluded that the 'ray restraint mechanism' was not an important factor 
in determining shrinkage anisotropy. This conclusion received support from 
Nakato (1958); quoted in Kelsey (1963) who found that rays played little role in 
the anisotropic shrinkage of sugi (Cryptomeria japonica D. Don.). Crews (1965; 
quoted in Skaar, 1988) found that short, wide rays reduced radial shrinkage to a 
greater extent than high, narrow rays. He suggested that the stiffness of narrow 
rays was not sufficient to restrain radial shrinkage. The latter suggestion may 
explain why high narrow rays in softwoods are ineffective in reducing radial 
shrinkage. 
Other evidence indicates that wood without broad rays still has a higher 
tangential than radial shrinkage (Greenhill, 1944 and Wijesinghe, 1959). For 
example, the tangential shrinkage of river sheoak (Casuarina cunninghamii 
Miq.) without broad rays was 10.8 % while radial shrinkage was 3.9 % (Greenhill, 
I 
1940). This suggests that the presence of rays may not be wholly responsible for 
transverse shrinkage anisotropy. Wijesinghe (1959) also presented similar data 
for jak fruit wood (Artocarpus integra Merr.) and sycamore (Acer pseudoplatanus 
L.). Greenhill (1944) examined the shrinkage of rays and whole wood in 
i1 
Table 2.8. The shrinkage of ray tissue, non-ray tissue and whole 
wood for different wood species 
Species Tissue type 
% Shrinkage 
R T L 
Jak fruit wood Ray 1.2 2.3 
(A rtocarpus integra Merr.) Non-ray 4.8 7.5 
Sycamore (Acer pseudoplatanus L.) Ray 3.8 3.3 
Non-ray 4.9 7.4 
Rose she-oak Whole wood 3.3 11.9 0.1 
(Casuarina luehmanni R. T. Bak.) Ray 1.2 4.8 
Non-ray 4.3 12.0 
River she-oak Whole wood 2.6 10.6 
(Casuarina cunninghamii Miq.) Non-ray 3.9 10.8 
Bull oak ( Casuarina torulosa Ait.) Whole wood 2.0 9.0 
Non-ray 5.0 9.1 
Northern silky oak Ray 1.7 3.4 
(Cardwellia sublimis F. Muell.)* 1.3 4.4 
1.0 4.0 
Non-ray 4.9 0.8 
Southern silky oak * Whole wood 3.7 9.5 0.1 
(Grevillea robusta A. Cunn.) Ray 1.2 5.7 
Holm oak ( Quercus ilex L.) Ray 2.4-3.3 3.1-7.9 
2.0 8.3 
Non-ray 5.1 0.6 
Japanese vigorous oak Whole wood 4.4 10.1 
(Quercus glauca Thunb.) Ray 0.3 0.8 
Non-ray 5.6 
Japanese evergreen oak Whole wood 6.0 10.3 
(Quercus acuta Thunb.) Ray 2.8 5.2 
Canyon oak (Quercus crispula Whole wood 4.8 8.5 
Liebm.) Ray 3.0 4.5 
Oriental oak (Quercus variabilis Bl.) Whole wood 6.1 11.1 
Ray 2.3 4.4 
Northern red oak (Quercus borealis Ray 2.5 3.4 
Michx.) 
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Ref. 
1 
1 
2 
2 
2 
3 
4 
4 
2 
3 
4 
4 
5 
6 
6 
6 
7 
R = radial; T = tangential; L = longitudinal; 1. Wijesinghe (1959); 2. Greenhill 
(1944); 3. Clarke (1930); 4. Lindsay and Chalk (1954); 5. Kawamura (1979); 
6. Kawamura (1984); 7. McIntosh (1955); *: members of the Proteaceae 
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G. robusta. He found that shrinkage of rays in the radial (long axis) direction was 
1.2 % whereas shrinkage in the longitudinal (height) direction was 5.7 %. 
Shrinkage of whole wood in the radial and tangential directions was 3.7 % and 
9.5 %, respectively. Tangential shrinkage of ray tissue in G. robusta has not been 
examined. Keating and Bolza (1982) gave figures for the transverse shrinkage of 
G. robusta. They reported that shrinkage in the radial and tangential directions 
from the green to the oven dry state was 2.1 - 4.0 % and 3.6 - 6.5 %, respectively. 
Shrinkage from the green to the air dry state (12 % moisture content) was 1.1 - 3.0 
% for radial shrinkage and 2.6 - 5.5 % for tangential shrinkage. 
In contrast to radial and tangential shrinkage, the longitudinal shrinkage 
of wood is very low, i.e., in the range of 0.1 - 0.4 % (Panshin and De Zeeuw, 1980). 
Thus longitudinal shrinkage is usually disregarded when calculating the 
volumetric shrinkage of wood. With regard to the effect of rays on the 
longitudinal shrinkage of wood, Kelsey (1963) stated that the higher longitudinal 
shrinkage of deciduous woods compared to conifers was due to the greater 
proportion of rays in the former. Clarke (1930) and Barkas (1941, quoted by Boyd, 
1974) also pointed out that the higher longitudinal shrinkage of rays compared to 
longitudinal shrinkage of fibres and tracheids could increase the longitudinal 
shrinkage of whole wood. However, there have been no direct studies of the 
effect of rays on the longitudinal shrinkage of wood. 
2.5.3. Effect of differences in density between earlywood and latewood on 
shrinkage 
In woods with distinct growth rings, the shrinkage of latewood interacts 
with earlywood shrinkage and therefore the proportion of latewood influences 
the shrinkage of whole wood. Strong and dense latewood cells shrink to a 
greater extent tangentially than earlywood and force the weaker adjacent 
earlywood to shrink to a similar extent (Browne, 1957; Erickson, 1955; Hale, 1957; 
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Quirk, 1984 and Ritter and Mitchell, 1952). Radial shrinkage of wood, however, 
is the average of both earlywood and latewood shrinkage (Hale, 1957). Table 2.9 
shows the difference in shrinkage of isolated earlywood and latewood. It appears 
that latewood shrinkage in the tangential direction is similar irrespective of 
whether earlywood is attached to latewood. However, the tangential shrinkage 
of isolated earlywood is lower than that observed in whole wood, suggesting the 
presence of latewood increases the tangential shrinkage of earlywood in whole 
wood. 
Table 2.9. The shrinkage of isolated earlywood, latewood and whole 
wood 
% shrinkage 
Species Earlywood Latewood Wholewood Ref. 
T R T R T 
Northern red oak 5.1 2.6 8.4 8.1 7.6 (Quercus borealis Michx.) 
American beech 12.0 5.7 10.7 9.8 11.6 (Fagus grandifolia Ehrh.) 
Douglas-fir 4.8 2.4 7.2 8.9 7.2 (Pseudotsuga menziesii (Mirb.) Franco.) 
Douglas-fir 6.6 0.6 14.4 14.2 8.2 
(Pseudotsuga menziesii (Mirb.) Franco.) 
T = tangential direction; R = radial direction; 1. McIntosh (1955b); 
2. Pentoney (1953); 3. Quirk (1984) 
R 
1 
1 
4.4 2 
5.2 3 
The correlation between wood density and volumetric shrinkage is still 
subject to discussion. An analysis of shrinkage da-ta for 177 American wood 
species (Newlin and Wilson, 1919; quoted by Kelsey, 1963) indicated that the 
volumetric shrinkage from the green to the oven dry state was related to basic 
density. Stamm (1964) suggested that the removal of moisture from the cell wall 
was accompanied by shrinkage which was almost equal to the volume of water 
removed (the density of water being 1 g / cm3) . This assumes that the change in 
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volume of the cell lumen during shrinkage is zero. However, Greenhill (1944; 
quoted by Kelsey, 1963) and Schroeder (1972) found that the correlation between 
volumetric shrinkage and wood density was not marked for all wood species. 
For example, Schroeder (1972) found that the shrinkage from the green to the 
oven dry state for T. americana with a specific gravity of 0.32 was 15.8 % while 
the shrinkage from the green to the oven dry state of black locust (Robinia 
pseudoacacia L.) with a specific gravity of 0.66 was 10.2 %. Clarke (1930) and 
Kelsey (1963) found that the cell lumen often expanded, and occasionally 
contracted after drying both of which could confound the correlation between 
shrinkage and density (Boyd, 1974). 
Table 2.10 Relationship between specific gravity and volumetric 
shrinkage of some oak woods, i.e., Quercus spp. and certain 
members of the Proteaceae 
Specific Volumetric 
Wood species gravity shrinkage (%) Ref. 
White oak (Quercus alba L.) 0.60 15.8 1 
Red oak (Quercus rubra L.) 0.56 13.5 1 
Southern red oak (Quercus falcata Michx.) 0.52 16.3 1 
Black oak ( Quercus velutina L.) 0.56 14.2 1 
Bur oak (Quercus macrocarpa Michx.) 0.58 12.7 1 
Pin oak (Quercus palustris Muenchh.) 0.58 14.5 1 
Scarlet oak (Quercus loccinea Muenchh.) 0.60 13.8 1 
Post oak (Quercus stellata Wangenh.) 0.60 16.2 1 
Swamp chesnut oak (Quercus michauxii Nutt.) 0.60 16.4 1 
Northern silky oak (Cardwellia sublimis F. Muell.) 0.56 11.7 2 
Brown silky oak (Darlingia darlingiana F.Muell.) 0.77 10.5 3 
Mountain silky oak (Orites excelsa R. Br.) 0.60 8.5 3 
Red silky oak (Stenocarpus salignus R. Br.) 0.83 10.5 3 
Southern silky oak (Grevillea robusta A. Cunn.) 0.62 7.0 3 
1. Schroeder (1972), 2. Clarke (1930), 3. Bootle (1988) 
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Table 2.10 shows the relationship between specific gravity and shrinkage 
of some oaks (Quercus spp.) and certain members of the Proteaceae. Density is 
determined by a series of interacting factors, i.e., cell shape, wall thickness, 
relative amount of earlywood and latewood, lignification of cell walls and 
extractive content (Boyd, 1974) and therefore for any density there is no 
consistency in the shrinkage of wood (Schroeder, 1972 and Boyd, 1974). 
Information on the shrinkage of G. robusta is limited, but Bootle (1988) quoted 
data to show that G. robusta has a specific gravity of 0.62 and a volumetric 
shrinkage of 7.0 % (Table 2.10). 
2.5.4. Effect of chemical composition on shrinkage 
There has been some work on the effect of wood chemical composition 
on shrinkage. Mariaux (1958) and Necessany and Morarova (1959; quoted by 
Boyd, 1974) found that the cellulose content of wood was positively correlated 
with volumetric shrinkage. It has also been reported (Odintsov, 1957; quoted by 
Kelsey, 1963) that radial cell walls have less hemicelluose than tangential walls 
and therefore they shrink less in the radial than in the tangential direction. This 
is related to the greater sorptive capacity of hen1icellulose compared to cellulose 
(Christensen and Kelsey, 1958). 
Work by Kelsey (1963) suggests that there is a negative correlation 
between volumetric shrinkage and lignin content. Bosshard (1956) and Choong 
(1969) also reported that removal of lignin from wood increases radial shrinkage. 
Additionally, Clarke and Pettifor (1940) found that the shrinkage of hardwoods 
from the green to the oven dry state was influenced by the degree of lignification. 
Using experimental data from 52 American hardwoods and 36 softwoods, 
Schroeder (1972) found that at similar specific gravities hardwoods shrank more 
than softwoods. He attributed this to the lower lignin content of temperate 
hardwoods compared to softwoods. 
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In relation to the extractive content of wood, Choong and Achmadi (1991) 
working with sixteen tropical wood species found that removal of extractives 
from wood with hot water and organic solvents caused excessive shrinkage. 
Boyd (1974) proposed that during contraction of holocellulose during cell wall 
formation, certain extractives bulk the cell wall and prevent cellulosic 
microfibrils from drawing close together. Therefore when extractives are 
removed there is greater potential for shrinkage to occur. Increases in the 
shrinkage of wood after removal of extractives has also been observed in 
southern pine species (Pinus spp.)(Choong, 1969) and in C. japonica (Kato and 
Naka to, 1968). 
2.6. Concluding summary 
The properties of ray parenchyma and the effect of rays on shrinkage have 
been reviewed. It is clear that for those species examined, ray parenchyma 
generally differs in cell dimensions from fibres. The proportion of ray 
parenchyma area of the woody tissue is, to some extent, higher for oaks (Quercus 
spp.) than for other hardwoods. Information on the cell dimensions of ray 
parenchyma and the proportion of ray parenchyma in G. robusta is absent. 
Furthermore, there ar~ no data (for any species) to indicate the within-tree 
variation in ray parenchyma dimensions. No data areavailable on the within tree 
variation in ray area in G. robusta. 
It is also evident th.at the chemica 1 composition of isolated ray 
parenchyma tissue and non-ray tissue or whole wood differs . The literature 
suggests that ray tissue usually possesses a higher lignin, extractives and xylose 
content, but a lower cellulose content than fibres or whole wood. However, 
these findings should be considered tentative as few species have been examined. 
Little information is available on the chemical composition of G. robusta wood 
and no information is available on the chemical composition of rays in G. 
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robusta. Furthermore, there is no information on the within tree variation in 
chemical composition of rays or wood in G. robusta. Studies of the sorption 
characteristics and shrinkage of rays, non-ray tissue and whole wood indicate 
that ray and non-ray tissues differ in hygroscopicity and shrinkage. The 
influence of rays on the shrinkage of G. robusta has not been fully examined. 
Studies on other wood species with large rays indicate that there are differences 
in opinion as to the influence of rays on sorption characteristics and shrinkage 
anisotropy. Tangential shrinkage of isolated ray tissue has not been examined 
and there have been no studies of the effect of rays on the longitudinal shrinkage 
of wood. Little is known a bout the variation in sorption characteristics and 
shrinkage of ray tissue with distance from the pith. 
This review of the literature has revealed many gaps in our 
understanding of the properties of ray tissue and the variation in the properties 
of rays from pith to bark. The influence of rays on shrinkage remains 
controversial. Little is known about the properties of rays or wood in G. robusta. 
These points are addressed subsequently in this study. 
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CHAPTER THREE 
VARIATION OF RAY PARENCHYMA AND FIBRE DIMENSIONS AND 
RAY AREA FROM PITH TO BARK IN G. ROBUST A 
3.1. Introduction 
There have been no studies (for any wood species) of the variation in ray 
parenchyma dimensions from pith to bark. The variation in tracheid 
dimensions from pith to bark in softwoods have been extensively examined, but 
similar studies on hardwoods, with the exception of certain genera that are 
important to the pulp and paper industry, have not been conducted. Bendtsen 
(1978) pointed out that near the pith hardwood fibres have smaller diameters 
and thinner walls, but additional data are required to confirm this generalisation 
(Panshin and De Zeeuw, 1980). 
Fibres are generally the most numerous cellular element in hardwoods, 
but in species with large multiseriate rays, ray parenchyma can form a significant 
proportion of the tree stem. For example, the area of rays in L. densiflorus was 
42.3 % compared to a mean of 17.0 % for 54 north American hardwoods (Myer, 
1922). Comparable figures for members of the Proteaceae which also have large 
multiseriate rays are not available. Furthermore, while there are reports on the 
radial variation in ray area in C. laevigata and S. nigra (Taylor and Wooten, 
1973), U. fulva (De Smidt, 1922), B. maximowicziana and C. japonicum 
(Fukazawa, 1984), no information is available on the radial variation of ray 
parenchyma area in the Proteaceae. Such information may be of value since ray 
area and ray parenchyma dimensions influence the chemical composition 
(Browning, 1963) and shrinkage (Skaar, 1972) of wood. 
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In this chapter the variation in ray area and ray parenchyma and fibre cell 
wall thickness, lumen diameter and cell wall area from pith to bark in G. robusta 
is examined. The aim is twofold: to determine whether changes in ray 
parenchyma and fibre dimensions from pith to bark are similar; and to 
determine whether the variation of ray area from pith to bark in G. robusta 
follows a similar pattern to that observed in other species. 
3.2. Materials and Methods 
3.2.1. Sample Preparation 
Sample material for this study was obtained from three separate trees 
growing in State Forest 298 (Compartment 1, Tankallaman logging areat 
Galangonan, Queensland, Australia. A single wood disk measuring 100 mm in 
the longitudinal direction was cut from each tree at 600 mm above ground. 
Disks from trees 1, 2 and 3 had diameters of 250 mm, 270 mm and 300 mm, 
respectively. Disks were stored in a freezer at -12 °C prior to analysis. A strip of 
wood extending from bark to bark through the pith and measuring 10 mm wide 
in the tangential direction (Fig. 3.1) was cut from each disk using a small band-
saw. This wood strip was then subdivided at the pith and from each of the two 
resulting strips a series of small wood blocks, measuring 10 x 20 x 50 mm, ' was 
then cut at 20 mm intervals from the pith (Fig. 3.1). These blocks were soaked in 
hot (90 °C) distilled water for approximately 1 h to soften them and they were 
sectioned to produce transverse and tangentially orientated microscopy 
specimens n1easuring 7 x 7 mm (Fig. 3.1 ). These specimens were trimmed using a 
single edged razor blade (blu-strike E2010) to a final size of 4 x 4 mm in cross 
section and 3 mm long. Since these specimens were cut from the centre of the 
former blocks (Fig. 3.1), they were located at 10, 30, 50, 70, 90, 110, 130, 150 and 170 
mm from the pith. Microscopy specimens were then clamped in a microtome 
RS 
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Figure 3.1. Diagra1n showing the method of cutting specimens for 
anatomical examination. TS: transverse surface; RS: 
radial surface; TLS: tangential surface 
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chuck on the stage of a binocular light microscope (x 30; Plate 3.1) and transverse 
and tangential longitudinal surfaces were prepared using a single edged razor 
blade (Magnuson Injector). A new blade was used for each cut to minimise 
surface distortion of the wood caused by blunting of the razor blade. 
Prior to microscopic examination, the specimens were air dried for 48 h 
and mounted on aluminium electron microscopy stubs using nail polish as an 
adhesive. These specimens were then stored in a vacuum desiccator for 24 hand 
coated uniformly with a thin layer of gold using a Polaron E 5000 vacuum 
evaporator (Plate 3.2) operating at 1.2 kV and 20 mA for 5 min. 
3.2.2. SEM Examination 
For measurement of cell dimensions, transverse and tangential surfaces 
were examined at a magnification of x 1000 using a Jeol JSM 6400 Scanning 
Electron Microscope (Plate 3.3) operating at 10 kV. Six to eight images of each 
surface were obtained using a videographic printer (Sony TY UP811) and images 
were printed on heat sensitive paper (Sony UPP-110S). SEM images were also 
recorded by diverting the image from the SEM TV monitor via a 'T' connector to 
the 'in socket' of an S-VHS video cassette recorder (Panasonic NV-FS 100 HQ). 
Diverted images were then recorded on a high quality video tape (Panasonic 
Super Premium Standard Video Cassette NV-E30ESP). For measurement of the 
radial variation of ray area one image was obtained (as above) of each tangential 
surface at a magnification of X 25. 
3.2.3. Measurement of cell wall thickness and lumen diameter 
Images of transverse and tangential surfaces recorded on heat sensitive 
paper were used to randomly select cells for measure1nent of cell wall thickness 
and lumen diameter. Images were overlaid by a transparent grid and cells 
included within the grid squares were measured (approximately 10 - 12 cells were 
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Plate 3.1. The binocular microscope used to observe wood specimens 
during the cutting of scanning electron microscopy specimens 
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Plate 3.2. The Polaron E 5000 sputter coater used to coat scanning 
electron microscopy specimens with gold 
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measured per image, i.e., approximately 75 cells were measured per microscopy 
sample). Measurements of cell dimensions were made from images recorded 
(above) on video tape rather than the image recorded on heat sensitive paper. 
Video images were converted to a digital form by 'capturing' the video image 
with a frame grabber (PCVISIONplus ™, 640 x 480 pixel PAL version, Imaging 
Tech. Inc. Mass. USA) installed in a personal computer (Auspac 486 IBM clone). 
Digital images were managed and viewed using video analysis software (Jandel 
video analysis, JAVA, 1.31, Jandel Scientific, Calif). Measurements of ray 
parenchyma and fibre dimensions were made from images on the computer 
screen using a graphics tablet cursor (Hipad plus, Houston Instruments) point to 
point measuring system (Plate 3.4). The scale bar on the video image was used to 
calibrate measurements and this calibration was checked against a standard 
grating and was found to vary by only + 2%. The calibration was saved on the 
JAVA hard disk and recalled prior to the analysis of images. Fibre cell 
dimensions were measured in duplicate in the radial and tangential directions, 
i.e., 4 measurements per cell, (approximately 4 x 75, 300 measurements per 
microscopy sample). A similar number of measurements was made for ray 
parenchyma cell dimensions, but due to the different orientation of ray 
parenchyma cells within the stem, these were made in the longitudinal and 
tangential directions. Fibre and ray parenchyma cell dimensions were stored in a 
spread sheet contained within the JAVA program. 
3.2.4. Measurement of cell wall and ray parenchyma areas 
Cell wall area was calculated by first measuring cell area and then lumen 
area. These measurements were made from digital images (as above) by tracing 
the cell and lumen boundaries with the cursor-controlled digitising tablet 
measuring system. The percent cell wall area was then calculated as total cell 
area minus total lumen area divided by total cell area. 
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Plate 3.3. The Jeol JSM 6400 Scanning Electron Microscope used for the 
microscopic examination of wood specimens 
Plate 3.4. The Jandel scientific digitiser used to determine fibre and ray 
parenchyma dimensions from SEM images 
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For detern1ination of ray tissue area, the surface area of the tangential 
surfaces was measured from the digital image. The ray tissue area was then 
obtained by tracing around the large multiseriate rays with the cursor-controlled 
digitising tablet measuring system. Due to the difficulties of tracing around the 
smaller uniseriate rays with the digitising cursor these were not measured. The 
percentage of ray tissue area was calculated as total multiseriate ray area within a 
section divided by the area of the tangential section. 
3.2.5. Statistical analysis of data 
Using the spread sheet program contained within the JAVA program, the 
mean, maximum, minimum, standard deviation and standard error were 
calculated for fibre and ray parenchyma dimensions for each sample. Mean 
values for fibre and ray cell wall thickness, lu1nen diameter and cell wall area for 
each sampling point from pith to bark were transferred to a VAX 8700 computer. 
They were then used independently in analyses of variance (ANOV A) where the 
effect of distance from the pith on fibre and ray parenchyma dimensions was the 
main factor of interest. The variation in ray tissue area for each sampling point 
from pith to bark was also subjected to a similar ANOV A. 
3.3. Results and Discussion 
Ray parenchyma and fibre dimensions of G. robusta are given in Table 3.1. 
The ray parenchyma cell wall thickness of 1.33 µm was smaller than the fibre 
wall thickness (3.06 µm) whereas the lumen diameter of ray parenchyma (16.22 
µm) was larger than the fibre lumen diameter (10.11 µm). Accordingly, the 
percent cell wall area of ray parenchyma (30.4 %) was much smaller than the 
percent cell wall area (62.1 %) of fibres. Mean fibre wall thickness and lumen 
diameter of G. robusta (Table 3.1) were less than comparable data for G. robusta 
obtained by Istas et al., (1954). The G. robusta trees analysed in the latter study 
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Table 3.1. Ray and fibre dimensions in G. robusta 
Tissue Tree Cell wall Cell lumen Cell wall Ray thickness diameter area area type no. (µm) (µm) (%) (%) 
Ray 1 1.32 16.14 30.6 22.4 
2 1.39 15.15 32.4 21.2 
3 1.29 17.37 28.1 23.3 
Mean 1.33 16.22 30.4 22.3 
SD 0.04 0.91 1.8 0.9 
Fibre 1 2.99 10.28 60.4 
2 3.04 10.22 61.1 
3 3.14 9.82 64.8 
Mean 3.06 10.11 62.1 
SD 0.06 0.20 1.9 
SD= Standard deviation 
were 300 mm in diameter, which is similar to the diameter of the trees analysed 
here, but they were grown in Zaire at an elevation of 2000 m. As changes in 
geographical location and altitude influence wood density (Panshin and De 
Zeeuw, 1980) and presumably cell wall thickness, it is not possible to directly 
compare the results here with those obtained by Istas et al., (1954). Ray cell wall 
thickness of G. robusta (Table 3.1) was also less than the values of 2.30 µm and 
2.38 µm reported respectively for Q. rubra and Q. alba (Maeglin and Quirk, 1983). 
In contrast, the mean lumen diameter of ray parenchyma was 16.22 µm which 
was greater than the values of 12.96 µm and 12.59 µm reported respectively for Q. 
rubra and Q. alba (Maeglin and Quirk, 1983). Comparative data for members of 
the Proteaceae are not available. 
The percent multiseriate ray tissue area in G. robusta was 22.3 % (Table 
3.lt which was less than the average ray area of 27.9 % reported for 10 North 
American Quercus spp., but higher than the figures reported for most other 
hardwoods (Myer, 1922; Petric and Scukanec, 1975). Myer (1922) included both 
I 1 
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multiseriate and uniseriate rays in calculating ray area whereas only multiseriate 
rays were counted here. Uniseriate rays can comprise a significant proportion of 
percent ray tissue area in wood. For example, in U. fulva (De Smidt, 1922) at a 
sample height of 600 mm, which is also the sample height used here, they 
comprised 13.8 % of the total ray volume. Hence it is likely that the true total ray 
area in G. robusta is probably greater than 22.3 %. 
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Figure 3.2. Variation in ray parenchyma area in G. robusta from pith to 
bark 
The variation in percent ray tissue area from pith to bark is given 1n 
Figure 3.2. Ray tissue area decreased from the pith outwards although there was 
variation in this general trend between sections. For example, one section from 
tree 2 showed an increase in ray area from the pith to the mid-radii and then a 
decrease. Another section from tree 1 showed an increase from the mid-radii 
outward. The overall tendency of ray tissue area to decrease from the pith 
outwards accords with results for C. laevigata and S. nigra (Taylor and Wooten, 
1973), but contrasts with patterns found in B. maximowicziana and C. japonicum 
(Fukazawa, 1984) where a slight increase in percent ray tissue area with 
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increasing distance from the pith was found. Other patterns have also been 
found. For example, in E. grandis the percentage of rays from pith to bark was 
constant (Taylor, 1973) while in yellow poplar (Liriodendron tulipifera L.) there 
was no systematic variation; individual growth rings contained as much as 19 % 
or as little as 8.4 % ray tissue. The higher percent ray area near the pith in G. 
robusta here was due to a high multiseriate ray number per unit tangential 
section (Plate 3.5). 
The finding that ray area was highest near the pith also contrasts with 
results for U. fulva (De Smidt, 1922) where multiseriate ray number decreased 
from pith to bark, but there was an overall increase in percent ray tissue volume 
from pith to bark due to an increase in the dimensions of the rays from the pith 
outwards. Interestingly, in the latter study the percent volume of uniseriate rays 
was greatest near the pith and declined thereafter, but this did not affect the 
overall trend (De Smidt, 1922). 
The variation of ray parenchyma and fibre dimensions from the pith 
outwards are shown in Figure 33 A - B. Both ray parenchyma (A) and fibre (B) 
cell wall thickness increased fro1n pith to bark, although there were variations 
within this trend. Photomicrographs of ray parenchyma and fibres (Plates 3.6 
and 3.7, respectively) confirm that ray parenchyma have thinner cell walls and 
larger lumens compared to fibres. Variation in fibre cell wall thickness with 
distance from the pith was significant (p<0.001; Appendix I, Table 1) whereas the 
variation in ray parenchyma cell wall thickness with distance from the pith was 
insignificant (p>0.05). Lumen diameter of both ray parenchyma and fibres 
increased significantly (p<0.001) with distance from the pith whereas fibre 
(p<0.05) and ray parenchyma (p<0.001) percent cell wall area decreased 
significantly with distance from the pith. 
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Plate 3.5. Photomicrographs of ray parenchyma in G. robusta: x 25. 
A. Tangential section close to pith 
B. Tangential section close to bark 
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Plate 3.6. Photomicrographs of ray parenchyma di1nensions in G. robusta 
from pith to bark (A - I): x 1000. scale bar = 10 µm 
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Plate 3.7. Photomicrographs of fibre dimensions in G. robusta from pith 
to bark (A - I) : x 1000. scale bar = 10 µm 
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Figure 3.3. Variation in ray parenchyma (A) and fibre (B) dimensions in 
G. robusta from pith to bark. 
The decrease in percent ray tissue area with distance from the pith was 
also significant (p<0.05; Appendix I, Table 1). De Smidt (1922) found that the size 
of multiseriate rays in U. fulva varied appreciably both-within and between trees. 
Similarly there was significant between tree variation in ray parenchyma cell 
wall thickness (p<0.05), lumen diameter (p<0.01) and ray parenchyma cell wall 
area (p<0.01) (Appendix I, Table 1 ). Fibre dimensions showed less variation 
between trees. Thus although fibre wall area differed significantly (p<0.001) 
between trees, there was no significant (p>0.05) between-tree variation in fibre 
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wall thickness and lumen diameter. In addition to between-tree variation in 
fibre and ray cell dimensions there was also significant variation in fibre and ray 
parenchyma cell wall thickness (p<0.05) and lumen diameter (p<0.01) between 
sections within trees (Appendix I, Table 1). Variation in fibre and ray 
parenchyma cell wall area between sections within trees were insignificant 
(p>0.05). 
Increases in hardwood fibre wall thickness with increasing distance from 
pith have been reported previously (Bamber and Curtin, 1972; Fukazawa and 
Ohtani, 1982; Fukazawa, 1984; Saucier and Hamilton, 1967 in Panshin and De 
Zeeuw, 1980; Taylor, 1973; Zobel and Van Buijtenen, 1989), but there have been 
no studies of the variation in ray parenchyma dimensions with distance from 
the pith. Interestingly, the variation in fibre and ray parenchyma dimensions 
with distance from pith in G. robusta appeared similar perhaps indicating 
common effects on the development fusiform and ray initials during tissue 
growth. Ray parenchyma arise from the division of ray initials in the cambium, 
whereas fibres arise from the division of fusiform initials. The development of 
ray parenchyma cell walls thus probably follows a similar pattern to the 
development of fibres (Panshin and De Zeeuw, 1980) even though postcambial 
increases in cell dimensions are generally less in ray parenchyma than in fibres 
(Panshin and De Zeeuw, 1980). 
3.4. Conclusions 
The variation of multiseriate ray area and ray parenchyma and fibre 
dimensions from pith to bark in G. robusta was examined. The fibre and ray 
parenchyma dimensions differed significantly. In accord with previous findings 
in the literature, ray parenchyma had thinner cell walls, but larger lumen 
diameters than fibres. Therefore the former had a considerably lower cell wall 
area than the latter. Ray parenchyma dimensions, i.e., cell wall thickness and 
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lumen diameter increased from pith to bark. The variation of fibre dimensions 
from pith to bark followed a similar trend. The cell wall area of ray parenchyma 
and fibres decreased slightly with increasing distance from the pith. 
The variation of multiseria te ray area from pith to bark was more 
variable, with a tendency to decrease from pith. The higher ray area near the 
pith than that found near the bark was due to a greater multiseriate ray number 
in the former than in the latter. The pattern of ray tissue area from pith to bark 
in G. robusta is in accord with results for C. laevigata and S. nigra, but contrasts 
with patterns found in B. maximowicziana and C. japonicum. 
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CHAPTER FOUR 
CHEMICAL COMPOSITION OF RAY, NON-RAY AND WHOLE WOOD 
TISSUES IN G. ROBUST A 
4.1. Introduction 
Wood is composed of a number of different chemical compounds. The 
maJor primary chemical components are cellulose, hemicellulose and lignin. 
Some low molecular weight extractable materials and other minor constituents 
act as secondary components (Panshin and De Zeeuw, 1980). Variation in 
chemical composition can occur between species, between trees of the same 
species, spatially within a tree and also between different cell and tissue types, i.e., 
between ray parenchyma, fibres and vessels (Browning, 1963). While there have 
been studies of the chemical composition of ray and non-ray tissues in some 
broad ray-containing species in the genera Quercus and Casuarina (Harlow and 
Wise, 1928; Ishii and Shimizu, 1987; Horn, 1981; Klungness and Sanyer, 1981 and 
White, 1987), few attempts have been made to examine the chemical 
composition of ray tissue in members of the Proteaceae. Istas et al., (1954) 
reported the chemical composition of G. robusta wood and Ghosh and Rao (1972) 
examined the chemical compositions of G. robusta barks. Anderson and De 
Pinto (1982) also analysed the chemical compositions of gum excudates from G. 
robusta. Apart from these studies little other information is available on the 
chemical composition of G. robusta and there are no studies of the chemical 
composition of rays in G. robusta. 
The dimensions and proportion of different cell types within trees can 
influence the che1nical composition of wood (Browning, 1963). The chemical 
composition of isolated ray and non-ray tissues differs. Ray parenchyma in both 
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hardwoods and softwoods contains a higher lignin (Balatinecz and Kennedy, 
1967; Hoffmann and Timell, 1972; Ishii and Shimizu, 1987) and lower cellulose 
content (Horn, 1981; Higuchi, 1985) than tracheids and fibres. In Quercus spp., 
ray tissue has a lower holocellulose, but a higher hemicellulose content (Horn, 
1981; Ishii and Shimizu, 1987). Since figures for the chemical composition of 
wood are summative representing on a weight basis the combined composition 
of different cell types, differences in the dimensions and percentage of ray 
parenchyma cells within G. robusta, assuming that the rays in G. robusta differ 
chemically from fibres, could influence the radial variation in the chemical 
composition of G. robusta wood. In chapter 3, ray parenchyma and fibre 
dimensions showed similar increases in dimensions from pith to bark, but ray 
area decreased significantly from pith to bark. Thus the latter might influence 
the radial variation in chemical composition of G. robusta. 
In this chapter the cellulose, lignin, holocellulose and holocellulose 
derived sugars and extractive composition of ray, non-ray and whole wood 
tissues in G. robusta are exa1nined. The variation 1n extractive and lignin 
content and holocellulose derived sugars from pith to bark is also assessed. 
Fourier Transform Infra-red Photoacoustic Spectroscopy (FTIR-P AS) is used to 
confirm the chemical composition of the ray and non-ray tissues obtained by 
'wet' techniques. The aim is to determine the variation in the chemical 
composition of ray and non-ray tissues from pith to bark and to confirm whether 
the differences in chemical composition of ray and non-ray tissues in G. robusta 
are similar to those observed in Quercus and Casuarina. 
4.2. Materials and Methods 
4.2.1. Sample preparation 
Portions of the three wood disks used previously (Chapter 3) were used 
for the analysis of the chemical composition of ray, non-ray and whole wood 
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Figure 4.1. Diagram showing the method of cutting wood blocks and 
isolating ray and non-ray tissue for chemical analysis. RS : 
radial surface; TS : transverse surface; TLS : tangential 
surface 
tissues (Fig. 4.1). A strip of wood 20 mm wide in the tangential direction was cut 
from pith to bark from each block using a small band-saw. Three radially 
orientated wood strips were produced. These strips were then sub-divided into 
small radial wood blocks (Fig. 4.1 A, B, C, D, E) measuring 20 mm (tangential) x 
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20 mm (radial) x 100 mm (longitudinal). Since the wood blocks adjacent to the 
pith were not square, they were not used for further analysis. In toto, five small 
wood blocks were cut from each wood strip. 
Veneers 0.10 - 0.15 mm in thickness were then cut from the radial surface 
(Fig. 4.1) of these small blocks using a microtome (Spencer Lens NY. USA) (Plate 
4.1). A scissor was used to separate ray and non-ray tissues from these veneers 
and the resulting tissue fractions were then separately ground using a Wiley mill 
(Arthur Thomas Co. Scientific Apparatus, Philadelphia PA. USA) (Plate 4.2) to 
pass a 60-mesh (60 openings per 6.45 cm2) screen. The remaining portion of each 
wood block (i.e., whole wood) was separately ground to the same size as above. 
Thus, three tissue fractions were prepared for chemical analysis; ray tissue only, 
non-ray tissue (this fraction included small uniseriate rays) and both ray and 
non-ray tissues (whole wood). Prior to chemical analysis the ground tissue 
fractions were stored in glass vials in a freezer at - 12 °C. 
4.2.2. Determination of chemical composition 
For each sample type, ethanol-soluble extractives, alpha-cellulose, 
holocellulose and holocellulose derived sugars and acid-insoluble and soluble 
lignin were analysed. FTIR-PAS spectroscopy was also used to determine 
differences in the chemical composition of tissue fractions. The extractive, 
lignin, and holocellulose derived sugar contents and FTIR-PAS spectra were 
obtained for each sample cut from pith to bark. Due to the limited amount of 
material available, analysis of alpha-cellulose and holocellulose were only 
undertaken on samples obtained from the entire cross-section. 
4.2.2.1. Determination of extractive content 
The method of Browning (1967) was used to determine extractive content. 
1.0 g (0.3 - 0.5 g for ray tissue) of air-dry wood flour (A) was transfered into an 
Plate 4.1 . The microtome used to cut wood veneers 
Plate 4.2. The Wiley mill used to grind wood into flours for chemical 
analysis 
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oven dry pre-weighed cellulose extraction thimble (B). The thimble was inserted 
into a soxhlet extraction apparatus attached to a 250 mL round-bottomed flask. 
The wood was extracted with 200 mL of 95 % ethanol for 4 h. After extraction, 
the residue was cooled and then oven dried at 103 + 2 °C for 24 h. The oven dry 
wood residue was cooled in a desiccator over silica gel for 10 minutes and 
weighed (C) using an analytical balance. 
The % extractive content was calculated on an oven dry basis as follows; 
A - (C - B) 
extractives (%) = X 100 
where, 
A 
A = initial oven dry weight of wood sample (before 
extraction) determined as 
initial air dry weight of the sample (before extraction) 
%MC 
1 + ----------
100 
B = oven dry weight of the cellulose extraction thimble 
C = oven dry weight of the thimble + extracted sample 
MC = the moisture content of a matched air dry wood 
sample (determined by oven drying a separate matched 
air dry sample). 
Duplicate analyses were undertaken for each tissue fraction for each distance 
fro1n the pith. Extractive content is expressed as the mean of duplicate analyses . 
4.2.2.2. Determination of alpha-cellulose content 
The method of Browning (1967) was used to determine the alpha-
cellulose content. 1.0 g of oven dry extractive free wood flour (A) was transfered 
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into a 250 mL round-bottomed flask. Acetone (6 mL), dioxane (2 mL) and 14 N 
hydrochloric acid (2 mL) were added successively to the flask. This mixture was 
then refluxed for 45 minutes in a boiling (90 QC) water bath. After refluxing, the 
solution was filtered through a dry, clean, pre-weighed oven dry sintered glass 
crucible (B) using a vacuum suction apparatus. The alpha-cellulose in the 
crucible was washed successively with methanol (200 mL), dioxan (50 mL), hot 
(90 QC) water (50 mL), dioxan (25 ml), methanol (25 mL) and diethyl ether (25 
mL). The residue was then oven dried at 103 + 2 QC for 24 h. After drying, the 
alpha-cellulose was cooled in a desiccator over silica gel for 10 minutes and the 
residue was then weighed. The % alpha-cellulose content was calculated as 
follows; 
(C- B) 
alpha-cellulose (%) = ----------- x 100 
A 
where, A = oven dry weight of the extractive free wood flour 
B = oven dry weight of the sintered glass crucible 
C = oven dry weight of the sintered glass crucible + residue 
For each tissue fraction the alpha-cellulose content is expressed as the mean of 
duplicate analyses. 
4.2.2.3. Determination of holocellulose content 
Holocellulose content was determined using the method of Jayme (1942) 
(cited by Browning, 1967). 1.0 g of oven dry extractive free wood flour (A) was 
transfered into a 250 mL Erlenmeyer flask. Deionised water (160 mL), glacial 
acetic acid (0.5 mL) and 10 mL of a 15 % aqueous solution of sodium chlorite 
were added successively to the flask. The flask was heated in a water bath at 80 QC 
for one hour with occasional agitation to mix the solution and wood flour. After 
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one hour, glacial acetic acid (0.5 mL) and sodium chlorite (10 mL) were added 
successively to the flask and the flask was then heated as above for a further 
hour. The addition of glacial acetic acid and sodium chlorite was repeated after 
two and three hours. After four hours the flask was cooled in an ice bath until 
the solution reached a temperature of less than 10 °C. The solution was then 
filtered through an oven dry pre-weighed (B) sintered glass crucible using a 
vacuum suction apparatus. The holocellulose in the crucible was then 
successively washed with 95 % ethanol (200 mL), deionised water (100 mL) and 
acetone (100 mL). The residue was oven dried at 103 + 2 °C for 24 h. After cooling 
in a desiccator over silica gel for 10 minutes, the crucible was weighed (C) using 
an analytical balance. The % holocellulose content was calculated as follows; 
(C - B) 
holocellulose ( % ) = ----------- x 100 
A 
where, A = oven dry weight of the extractive free wood flour 
B = oven dry weight of the sintered glass crucible 
C = oven dry weight of the sintered glass crucible + residue 
For each tissue fraction the holocellulose content is expressed as the mean of 
duplicate analyses. 
4.2.2.4. Determination of lignin content 
Prior to lignin determination wood flour was extracted with 95 % ethanol 
for four hours (ASTM D.1106). The wood flour was then re-extracted with a 
solution of ethanol and toluene (1 : 2; v /v) for 6 h. For the extraction procedure 
in contrast to previous studies, toluene rather than benzene was used. Toluene 
was used for the following reasons (Goetzler, 1982); 
a. An ethanol/ toluene mixture is as good an extractant as ethanol/ 
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benzene. 
b. Spectra of ethanol/toluene and ethanol/benzene wood extracts are 
identical. 
c. Toluene is less toxic than benzene. Toluene does not exhibit 
toxicological properties at concentrations as high as 300 ppm after up to 
two years of exposure. It does not possess hematopoietic toxicity and is 
not associated with blood dyscrasia, as benzene is. 
4.2.2.4.a. Acid-insoluble (Klason) lignin 
The 72 % sulphuric acid method of Mahood and Cable (1922) modified by 
the IEA Voluntary Standard Activity Round Robin (Anon, 1991) was used to 
determine the acid-insoluble lignin content of the wood flour. Oven dry 
extractive free wood flour (0.225 - 0.250 g) (A) prepared above was placed into a 
flat-bottomed glass test tube (length = 50 mm, internal diameter = 25 mm). 3 mL 
of 72 % (v /v) sulphuric acid was transfered into the test tube using a volumetric 
pipette. A glass rod was used to stir the san1ple until it was thoroughly wetted. 
The test tube was then placed in a water bath at 20 °C for 2 h (ASTM D.1106). The 
glass rod was left in the test tube until hydrolysis was complete. The hydrolysed 
wood flour was occasionally stirred to facilitate uniform hydrolysis. After the 
initial hydrolysis phase (above) the sample was carefully transfered into a 250 mL 
round-bottomed flask and 79 mL of distilled water was added to the flask to 
dilute the acid to 3% (v /v). This solution was then refluxed for 4 h (ASTM 
D.1106). After refluxing, the solution was filtered through an oven dry pre-
weighed (B) sintered glass crucible using a vacuum suction apparatus. 
The hydrolysis liquor containing solubilised lignin and holocellulose 
derived sugars was collected in a 150 mL Erlenmeyer flask and kept in a 
refrigerator for subsequent determination of acid-soluble lignin content and 
analysis of holocellulose derived sugars. The lignin residue in the glass crucible 
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(above) was rinsed with 500 mL of hot water to remove any traces of acid. The 
acidity of the hot water filtrate was checked using a litmus paper (pH 1 to 4.5). 
The crucible was then oven dried at 103 + 2 °C for 24 h, allowed to cool in a 
desiccator over silica gel for 10 minutes and weighed (C). The % acid-insoluble 
(Klason) lignin content of the wood was calculated as follows; 
(C- B) 
acid-insoluble lignin (%) = --------- x 100 
A 
where, A = oven dry weight of the extractive free wood flour 
B = oven dry weight of the sintered glass crucible 
C = oven dry weight of the sintered glass crucible + residue 
For each tissue fraction the lignin content is expressed as the mean of duplicate 
analyses. 
4.2.2.4.b. Acid-soluble lignin 
The undiluted lignin hydrolysis liquor was used to determine the acid-
soluble lignin content of the tissue fraction (Anon, 1991). The undiluted filtrate 
(1 mL) was transfered to a 50 mL flat-bottomed plastic tube using a volumetric 
pipette and 15 mL of 3 % sulphuric acid was added to the filtrate. 3.0 mL of this 
solution were then transfered to a cuvette. 3.0 mL of 3% sulphuric acid in 
another cuvette acted as a blank or reference solution. The UV absorbance of the 
sample was recorded using a Unicam SP 1800 Ultraviolet Spectrophotometer 
(Plate 4.3) operating at a wavelength of 205 nm. The acid-soluble lignin of the 
wood sample was calculated as follows (Berzins, 1976); 
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Plate 4.3. The Unicam SP 1800 Ultraviolet Spectrophotometer used for 
the determination of acid-soluble lignin 
The lignin content in the filtrate: 
where, 
y 
X = ------- X D 
110 
X = lignin content in the filtrate (g 1000 cm-3) 
Y = UV absorbance of the sample 
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D = dilution factor of the filtrate, expressed as the total 
volume of diluted sample divided by the volume of the 
aliquot of hydrolysis liquor. 
110 (L/ g cm) = the extinction coefficient of absorbtivity of different 
woods and pulps (Berzins, 1976 and Anon, 1991). 
The acid-soluble lignin of the wood sample: 
(X V) 
lignin (%) = ---------------- x 100 
1000 X W 
where, X = lignin content in the filtrate (g 1000 cm-3) 
V = total volume of the filtrate (mL) 
W = ovendry weight of extractive free wood flour (g) 
For each tissue fraction the acid-soluble lignin content is expressed as the mean 
of duplicate analyses. 
4.2.2.5. Analysis of holocellulose derived sugars 
The undiluted hydrolysis liquors from the lignin content determinations 
(above) were analysed by high pressure liquid chromatography (HPLC) for the 
presence of holocellulose derived mono and disaccharides . Mono and 
disaccharides in the acid hydrolysate are derived from the principal 
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polysaccharides (cellulose and hemicellulose) found in wood. The cooled 
hydrolysate was neutralised with barium carbonate (BaC03, purity: 99.0 %) to a 
pH of approximately 6.0. It was then centrifuged (Plate 4.4) and filtered to 
remove barium sulphate. The filtrate was dried by rotary evaporation (Plate 4.5) 
and the resultant residue was then re-dissolved in 1.0 mL of distilled water. 
Subsequently, 10 µL of this filtrate was injected into a HPLC column (Waters 
radial pak liquid chromatography cartridge silica; 8 mm internal diameter, 10 cm 
in length) which had been treated with 1 % silica modifier SM2 in 85 % 
acetonitrile. The mobile phase for analysis was 0.1 % SM2 in 85 % acetonitrile at 
a flow rate of 3 mL min-1. A Spectra Physics analytical P 4000 pump and a Spectra 
Physics analytical AS 3000 autosampler (Plate 4.6) were used. 
The wood sugars in the hydrolysate were detected using a Waters R 401 
differential refractometer and identified quantitatively using 3 % sugar solutions 
of D-rhamnose, D-xylose, D-mannose, D-galactose and D-glucose run as external 
reference standards. A Shimadzu chromatopac C-R 6 A integerator was used to 
print the results of the sugar analysis. 
4.2.2.6. Spectroscopic analysis of ray and non-ray tissue fractions 
Veneers approximately 0.10 - 0.15 mm thick (tangential direction) were 
cut using a microtome knife from radial faces of blocks as above (Fig. 4.1 ). These 
veneers were cut separately from wood blocks located at various distances from 
the pith (Fig. 4.1 ). Small disks approximately 2.5 - 3.0 mm in diameter for ray 
tissue and 4.0 - 5.0 mm in diameter for non-ray tissue were then cut from these 
veneers. In toto, five ray and five non-ray tissue samples were prepared. 
The spectra of ray and non-ray tissues were obtained using a 1800 Fourier 
Transform Infra-red (FTIR) spectrophotometer with a photoacoustic (MTEC 
Photoacoustic Inc. Pac. 200) attachment (Plate 4.7). Spectra were run at a 
resolution of 2.00 cm-1 and the average number of scans was 32. 
Plate 4.4. The centrifuge 
used to separate barium 
sulphate from the 
hydrolysate prior to the 
analysis of sugars 
Plate 4.5. The rotary evaporator used to dry filtrates prior to sugc1r 
analysis 
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Plate 4.6. The HPLC used for sugar analysis 
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Plate 4.7. The Fourier Transform Infra-red (FTIR) Spectrophotometer 
with a Photoacoustic (MTEC) attachment used to obtain infra-
red spectra 
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4.2.2.7. Statistical analysis of data 
The mean alpha-cellulose and holocellulose contents for ray, non-ray and 
whole wood tissue were subjected to the appropriate two-way analyses of 
variance (ANOV A). The mean extractive, lignin and sugar contents were also 
subjected to an ANOVA where the effect of distance from the pith was the main 
factor of interest. 
4.3. Results and Discussions 
4.3.1. Chemical composition of ray, non-ray and whole wood tissues 
The chemical composition of ray, non-ray and whole wood tissues are 
given in Table 4.1. The hydrolysed sugar composition is given in Table 4.2. The 
extractive content of ray tissue of 11.25 % was much higher than the extractive 
Table 4.1. The chemical composition of ray, non-ray and whole wood 
tissues in G. robusta 
Tissue Tree Chemical composition ( %)1 
type No Extractive Lignin Sol. lignin a. - Cell. Holocell. 
Ray 1 10.36 30.26 2.46 33.24 69.11 
2 11.78 30.88 3.17 31.12 69.34 
3 11.62 29.23 3.88 35.12 68.70 
Mean 11.25 30.12 3.17 33.75 69.05 
SD 0.64 0.68 0.56 1.63 0.26 
Non-ray 1 6.29 20.46 2.22 47.75 83.19 
2 7.12 20.28 2.30 44.40 80.22 
3 5.48 20.09 2.41 45.11 80.67 
Mean 6.30 20.28 2.31 45.75 81.36 
SD 0.67 0.15 0.08 1.44 1.31 
Whole 1 8.19 20.75 2.79 45.52 80.77 
wood 2 8.03 21.75 2.21 44.09 79.46 
3 7.00 21.45 1.96 44.97 79.64 
Mean 7.74 21.31 2.32 44.86 79.96 
SD 0.53 0.42 0.35 0.59 0.58 
1. percent of oven dry extractive free wood; SD= Standard deviation 
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content of non-ray tissue (6.39 %) while the extractive content of whole wood 
(7.74 %) fell between these values (Table 4.1). The presence of rays probably 
accounts for the higher extractive content of whole wood compared to non-ray 
tissue. Higher extractive levels in ray tissue have also been observed in other 
wood species. For example, the alcohol/benzene-soluble extractive content of 
rays in C. inophloia was 19.9 % while the extractive content of whole wood was 
18.7 % (Harlow and Wise, 1928). Bamber (1959; quoted by Hillis, 1962) pointed 
out that the maximum amount of starch stored in wood is dependent on the 
volume of ray cells and this accounts for the high extractive content of ray cells. 
Fatty materials are also commonly concentrated in ray parenchyma cells of both 
softwoods and hardwoods (Buchanan, 1963). The lumens of ray parenchyma 
cells are larger than in fibres which increases their ability to store soluble 
metabolic products and would facilitate extraction of these compounds (Hillis, 
1962). The extractive content of whole wood here is higher than the 
ethanol/benzene-soluble extractive content of Q. rubra (White, 1987), but lower 
than that found for C. inophloia (Harlow and Wise, 1928). 
The lignin content of ray tissue (30.12 %) (Table 4.1) was significantly 
higher than in non-ray tissue (20.28 %) and whole wood (21.31 %). The high 
lignin content of ray tissue here accords with findings for other wood species 
(Harlow and Wise, 1928; Fergus and Goring, 1970; Parham and Cote, 1971; Fergus 
et al., 1969; Saka and Goring, 1985). For example, the lignin content of the ray 
tissue fraction in Q. alba was 31.8 % compared to 26.0 % for whole wood (Harlow 
and Wise, 1928). 
The lignin content of whole wood is similar to the value of 21.91 % 
obtained by Istas et al., (1954) for G. robusta, but is slightly lower than the lignin 
content of Q. rubra and Q. robur (White, 1987), Q. alba and C. inophloia (Harlow 
and Wise, 1928). 
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The lignin content of ray tissue (30.12%) here is higher than the lignin 
content of the ray fraction in Q. mongolica (Ishii and Shimizu, 1987), but is 
lower than that found in C. inophloia and Q. alba (Harlow and Wise, 1928). The 
lignin content of the non-ray fraction (20.28 %) here is lower than the lignin 
content of the non-ray fraction in Q. mongolica (22.65 %). The high lignin 
content of the ray tissue fraction may be related to its cell wall structure and the 
presence of lignin rich isotropic layers (Chafe and Chauret, 1974 and Fujii et al., 
1981; quoted by Harada and Cote, 1985). 
The acid soluble lignin content of ray tissue (3.17 %) was higher than in 
non-ray tissue (2.31 %) and whole wood (2.32 %). The acid-soluble lignin content 
of ray and non-ray tissue here is much lower than the acid-soluble lignin content 
of ray (4.5 %) and non ray (4.1 %) tissues in Q. mongolica (Ishii and Shimizu, 
1987). The acid-soluble lignin of the whole wood here is also lower than that 
(3.73 %) found in E. regnans (McKenzie et al., 1955). No comparable data is 
available for members of the Proteaceae. 
The alpha-cellulose content (Table 4.1) of the ray tissue (33.4 %) was 
significantly (p<0.001; Appendix I, Table 2) lower than the alpha-cellulose 
content of the non-ray tissue (45.75 %) and whole wood (44.86 %). The ANOV A 
revealed no significant (p>0.05) between-tree variation in alpha-cellulose 
content. The presence of rays probably accounts for the lower cellulose content of 
whole wood compared to non-ray tissue fraction. Cellulose is the constituent 
that forms the bulk of wood cell walls and is found predominantly in the S2 layer 
of the cell wall (Browning, 1963). Cell walls of fibres are thicker and have a 
greater proportion of the cellulose rich S2 layer. Ray cells have a thinner cell wall 
and S2 layer and have highly lignified isotropic layers with a low cellulose 
content (Harada and Cote, 1985), hence it is not surprising that the cellulose 
content of rays is relatively low. The lower cellulose content of ray tissue 
compared to other tissues here accords with previous findings for other wood 
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species (Harlow and Wise, 1928; Perila, 1961; Hoffmann and Timell, 1972). 
Similarly, the holocellulose (cellulose and hemicellulose) content of ray tissue 
(69.05%) was significantly (p<0.001; Appendix I, Table 2) lower than the 
holocellulose content of non-ray tissue (81.36%) and whole wood (79.96%). No 
significant (p>0.05) between-tree differences in holocellulose content were 
observed. The holocellulose content of whole wood is lower than the 
holocellulose content (81.67%) of Q. rubra (Labosky et al., 1991). 
The holocellulose content of ray tissue here is similar to the holocellulose 
content (68.45%) of rays in Q. mongolica (Ishii and Shimizu, 1987), but the 
holocellulose content of the non-ray fraction is higher than the holocellulose 
content (73.25% ) of the non-ray fraction in Q. mongolica. 
When the hemicellulose content is obtained by subtracting the cellulose 
content from the holocellulose content, the ray tissue of G. robusta appeared to 
possess a higher hemicellulose content than the non-ray and whole wood tissue 
fractions. This finding accords with most previous findings. Meier (1985) 
pointed out that the hemicellulose content of parenchyma is higher than in 
other cell types. For example in C. inophloia and Q. alba, ray cells have a higher 
hemicellulose (pentosan) content than whole wood (Harlow and Wise, 1928). 
Perila (1961) reported that ray cells in European spruce (Picea excelsa Link.) had a 
higher hemicellulose content than tracheids. Interestingly, in B. verrucosa the 
xylan content of parenchyma cells represented more than 80 % of the total 
polysaccharides present (Perila, 1961), suggesting that in parenchyma, 
hemicelluloses may play a much more important structural role than in fibres . 
Analysis of the sugar composition of the acidic hydrolysate obtained from 
the analysis of lignin (Table 4.2) revealed the presence of xylose and glucose in 
large quantities in all tissue types. Glucose is derived from both cellulose and 
hemicelluloses while xylose is derived from xylan based hemicelluloses. The 
hemicelluloses derived sugars rhamnose and mannose were present in small 
57 
quantities, but arabinose and galactose were absent. Rhamnose was found in 
non-ray tissue, but was absent from whole wood or ray tissue. Mannose was 
found in whole wood and in some non-ray tissue samples, but was absent from 
ray tissue. The absence of mannose from ray tissue samples suggests that 
mannan based hemicelluloses (galactoglucomannans) are not found in the cell 
walls of ray parenchyma. Again, these results accord with previous findings. 
Schuerch (1963) stated that hydrolysates from hardwoods and softwoods showed 
a great preponderance of glucose and xylose, but only minor quantities of 
mannose, rhamnose, arabinose and galactose. 
Table 4.2. The sugar composition (%) of the acid hydrolysate of 
G. robusta 
Tissue Tree Ratio of each sugar to total detected sugars (%) 
type No. Rha. Xyl. Ara. Man. Glu. Gal. 
Ray 1 32.8 67.2 
2 34.8 65.2 
3 29.8 70.2 
Mean 32.5 67.5 
SD 2.1 2.1 
Non-ray 1 1.1 21.3 4.7 73.2 
2 1.9 27.1 5.3 67.7 
3 22.5 77.5 
Mean 1.5 23.6 5.0 72.8 
SD 0.4 2.5 0.3 4.0 
Whole 1 26.6 5.1 68.3 
wood 2 33.6 5.0 - 61.4 
3 29.8 6.7 66.2 
Mean 30.0 5.6 64.4 
SD 2.9 0.8 2.9 
Rha: rhamnose; Xyl: xylose; Ara: arabinose; Man: mannose; Glu: 
glucose; Gal: galactose. SD= Standard deviation 
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The area of each sugar peak (Fig. 4.2) was divided by the total area of all 
the sugar peaks detected to obtain a percentage figure for the composition of the 
hydrolysate (Table 4.2). The xylose content of ray tissue (32.5 °/o) was higher than 
the xylose content of non-ray tissue (23.6 °/o). Again these results accord with 
findings obtained by other workers (Perila, 1961; Meier, 1961; Horn, 1981; 
Klungness and Sanyer, 1981; Ishii and Shimizu, 1987). The xylose content of 
whole wood (30.3 °/o) fell between that obtained for ray and non-ray tissue (Table 
4.2). The xylose content of ray fraction here is higher than that reported by Ishii 
and Shimizu (1987) for rays in Q. mongolica. 
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The glucose content of ray tissue (67.5 %) was lower than in non-ray tissue 
(72.8 %), but higher than in whole wood (64.4 %). The higher glucose content in 
ray tissue compared to whole wood contrasts with the earlier result where the 
cellulose content of ray tissue was low. This high glucose content may be 
attributed to the hydrolysis of glucose containing hemicelluloses in ray tissue. 
The glucose content of ray and non-ray tissues here are similar to the values 
obtained by Ishii and Shimizu (1987) for ray (68.35 %) and non-ray (72.7 %) tissues 
in Q. mongolica . 
The 1nannose content of whole wood (5.6 %) was slightly higher than the 
mannose content of the non-ray tissue fraction (5.0 %). The mannose content of 
the latter is higher than the value of 2.30 % reported for Q. mongolica (Ishii and 
Shimizu, 1987). The rhamnose content of the non-ray tissue fraction (1.5 %) here 
is also higher than the value of 0.25 % obtained by Ishii and Shimizu (1987) for 
non-ray tissue fraction in Q. mongolica. 
4.3.2. Variation in chemical composition of ray, non-ray and whole wood tissues 
from pith to bark 
The variation in the extractive content of ray tissue, non-ray tissue and 
whole wood is given in Figure 4.3. Outer measurements (80 - 100 mm from the 
pith) of extractive content were made on sapwood while inner measurements 
(up to 80 mm from the pith) were made on heartwood. Due to the limited 
amount of material available, the extractive content of ray tissue near the pith 
was not analysed (Fig. 4.3). For all tissue types, the extractive content was high in 
the inner (heartwood) section of the stem. The increases in extractive content 
from pith to outer heartwood for G. robusta here, accord with patterns found in 
other wood species (Sherrard and Kurth, 1933; Hillis, 1962; Nelson, 1975). The 
higher extractive content of ray tissue compared to non-ray tissue and whole 
wood seen earlier (Table 4.1) was presented in Figure 4.3. The variation 1n 
extractive content of ray tissue from pith to bark was silnilar to the pattern 
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Figure 4.3. The variation in extractive content from pith to bark in 
G. robusta 
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observed for non-ray tissue and whole wood. Variation in extractive content 
was significant with respect to tissue type (p<0.001; Appendix I, Table 3) and 
distance from the pith (p<0.001). Hemingway and Hillis (1971) reported that 
there was a strong positive correlation between ray volume and alcohol-soluble 
extractive content in P. menziesii. In contrast, in J. nigra and Q. rubra (Nelson, 
1975), parenchyma volume had little or no effect on within-tree variation in 
total extractive or phenolic extractive content. The decrease in extractive content 
with distance from the pith (Fig. 4.3) is similar to the variation in ray area noted 
earlier (Chapter three) suggesting that there might be a positive correlation 
between extractive content and ray area. 
The variation in acid-insoluble (Klason) and acid-soluble lignin content 
of the ray, non-ray and whole wood fractions is given in Figures 4.4 A and B, 
respectively. The lignin content of all three tissue types showed a slight decrease 
from pith to bark. The variation in lignin contents with distance from the pith 
was not significant (p>0.05; Appendix I, Table 3), but there was a significant 
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(p<0.01) interaction in acid-soluble lignin between tissue type and tree number. 
No definite pattern was observed for acid-soluble lignin with distance from the 
pith. McMillin (1968) reported that slow grown P. taeda had a higher lignin 
content in the corewood than in the middle and outerwood, but in fast grown 
trees of the same species this pattern was reversed. In these studies, however, no 
significant effect of growth rate on total lignin content was observed. Uprichard 
(1971) also found a decrease in lignin content from inner wood near the pith to 
outer wood in P. radiata. In contrast, Campbell et al., (1990) found that there was 
no significant difference in the lignin content of heartwood and sapwood in P. 
contorta. 
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The variation in xylose, glucose and mannose contents of ray, non-ray 
and whole wood tissues from pith to bark can be observed in Figures 5 A, Band 
C, respectively. The xylose content of whole wood was relatively constant with 
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distance from the pith, but the xylose content of ray and non-ray tissues was 
more variable with a slight tendency to decrease near the bark. The variation in 
xylose content with distance from the pith was not significant (p>0.05; Appendix 
I, Table 3), but there was a significant variation with tree number (p<0.05) and 
tissue type (p<0.001). The patterns found here for the xylose content of the ray 
and non-ray fractions contrast with results obtained by Ishii and Shimizu (1987) 
for Q. mongolica. They found that the xylose content of the ray and non-ray 
fractions were greater in sapwood than in heartwood. 
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In accord with the results for xylose, the glucose content of whole wood 
was relatively constant from pith to bark. The glucose content of the ray and 
non-ray tissue fractions was higher in the outer sections of the wood than in the 
inner sections. The variation in glucose content was significant with respect to 
tree number (p<0.001; Appendix I, Table 3), tissue types (p<0.05) and distance 
from the pith (p<0.001). In addition, there was a significant (p<0.01; Appendix I, 
Table 3) interaction with distance from the pith and tissue type. The glucose 
contents of the ray and non-ray fractions here contrast with the results reported 
by Ishii and Shimizu (1987). They found that the glucose content of the ray and 
non-ray fractions in Q. mongolica were lower in the sapwood than in the 
heartwood. 
The mannose content of non-ray tissue and whole wood tissues was 
greater in the outer than in the inner wood. Again this contrasts with the 
findings for Q. mongolica (Ishii and Shimizu, 1987) where a higher heartwood 
mannose content was observed. 
The chemical composition of ray and non-ray tissue and their variation 
from pith to bark were confirmed by FTIR-PAS. 
The infra-red spectra of ray and non-ray tissues are shown in Figure 4.6. 
Assignments of various bands to the different wood constituents are given in 
Table 4.3. Differences were found in the spectra of ray and non-ray tissues. The 
bands at 3,340 - 3,361 cm-1 (Fig. 4.6 *) corresponding to bonded OH stretching in 
lignin were stronger in ray tissue than in non-ray tissue. 
The higher xylan content of ray tissue (Horn, 1981; Klungness and Sanyer, 
1981; Ishii and Shimizu, 1987) compared to non-ray tissue is confirmed by the 
stronger bands at 1,737 - 1,745 cnr1 (Fig. 4.6 +) which correspond to C=O stretching 
in acetyl and carboxyl groups in xylan ( Kou1 et al., 1988). Spectral differences were 
also observed at 1,593 - 1,690 cm-1 (Fig. 4.6 #) corresponding to benzene rings in 
lignin. The presence of weak bands at 1,653-1,655 cnY1 corresponding to C=O 
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stretching in lignin confirms the lower degree of lignification noted earlier for 
non-ray tissue. 
Other spectral differences in ray and non-ray tissue were also found at a 
wave number of 1,232 -1,237 cm·1 (Fig. 4.6 **) corresponding to syringyl nuclei in 
lign.in and C=O stretching in xylan. Using UV spectral analysis, Fergus and 
Goring (1970), Musha and Goring (1975b) and Saka and Goring (1985) analysed 
Table 4.3. Assignments of bands in the infra-red spectrum for wood 
Range of 
frequency 
(cm-1) * 
Assignment Ref. /Wood species 
3 ,340-3 ,361 
2,851-2,919 
1,737-1,745 
1,653-1,690 
1,593-1,594 
1,457-1,463 
1,422-1,426 
1,373-1,375 
1,324-1,328 
1,232-1,237 
1, 160-1, 163 
1, 108-1, 113 
1,059-1,064 
895-900 
830-841 
663-671 
Bonded OH stretching vibration 
C-H stretching vibration 
C=O stretching in acetyl and carboxyl groups 
in xylan 
Ketocarbonyl conjugated with benzene ring 
C=C stretching vibration in aromatic ring in 
lignin 
CH2 deformation in lignin and xylan and 
bending vibration in lignin 
CH2 scissor vibration in cellulose and CH3 
bending vibration in lignin 
CH2 bending in cellulose and hemicellulose 
CH2 wagging vibration in cellulose; 0-H in 
plane deformation vibration in cellulose and 
hemicellulose 
Syringyl nuclei in lignin and C=O in xylan 
C-0-C asymmetric band in cellulose and 
hemicellulose 
0-H association band in cellulose and 
hemicellulose 
C-0 stretching in cellulose and hemicellulose 
Anomeric carbon group frequency in cellulose 
and hemicellulose 
1,3,4,5-substituted benzene ring in lignin 
C-0-H out of plane bending in cellulose 
1/a, b 
2/c,d 
1,2/a, b, C, d 
2/c,d 
1, 2/b, d 
1, 2/a, b, C, d 
1, 2/a, b 
1,2/a,b 
1/b 
1/a, b 
1/a, b 
1/a, b 
1/a, b 
1/a, b 
1/a 
3/e 
*: wavenumbers of FTIR-PAS spectra of ray and non-ray tissue from pith 
to bark in G. robusta 
1. Harington et al., (1964); 2. Faix (1991 ); 3. Liang and Marchessault (1959) 
a. Eucalyptus regnans; b. Pinus radiata; c. Picea abies; d. Betula spp. 
e. Native cellulose 
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the distribution of guaiacyl-syringyl type lignins in B. papyrifera . They found 
that the ray parenchyma and fibres consisted of predominantly syringyl lignin, 
whereas in vessels guaiacyl lignin predominated. The stronger bands at 1,232-
1,237 cm-1 (Fig. 4.6 **) suggests that ray tissue has a higher proportion of syringyl 
units in its lignin than the lignin found in non-ray tissue. 
The differences in the spectra of ray and non-ray tissue below 900 cm-1 (Fig. 
4.6 ++) are related to differences in mannan content (Liang and Marchessault, 
1959; Michell, 1989). Perila (1961) and Ishii and Shimizu (1987) reported a higher 
mannose content for non-ray tissue compared to ray tissue for both softwoods 
and hardwoods. The presence of strong bands below 900 cm-1 (Fig. 4.6 ++) for 
non-ray tissue confirms the higher mannose content that was found earlier in 
non-ray tissue by HPLC. 
Differences in the chemical composition of ray and non-ray tissues found 
in G. robusta might influence sorption characteristics which in turn are likely to 
influence shrinkage. Christensen and Kelsey (1958) have suggested that 
hemicellulose has a greater hygroscopicity than lignin, while that of cellulose 
was between the values for hemicellulose and lignin. Wangaard and Granados 
(1967) also reported that extractives can reduce wood hygroscopicity due to their 
bulking effect. The effect of variation in the chemical composition of ray and 
non-ray tissues on sorption characteristics is discussed in the following Chapter. 
4.4. Conclusions 
The aim of this chapter was to compare the chemical composition of ray 
tissue, non-ray tissue and whole wood and to examine the variation in chemical 
composition of ray, non-ray and whole wood tissue from pith to bark in G . 
robusta. In general, the results for the chemical composition of the different 
tissue types in G. robusta confirmed previous findings for other wood species. 
Ray tissue had a higher extractive and lignin content, but a lower cellulose and 
67 
holocellulose content than non-ray tissue. The extractive, lignin, cellulose and 
holocellulose contents of whole wood fell between those obtained for ray and 
non-ray tissues. This is probably due to the presence of rays in whole wood. 
The holocellulose derived sugar content of ray tissue, non-ray tissue and 
whole wood was analysed. The ray tissue had a higher xylose content, but a 
lower glucose content than non-ray tissue. The xylose content of whole wood 
fell between that obtained for ray and non-ray tissues. Whole wood had a lower 
glucose content than ray and non-ray tissues. The presence of rays may account 
for the higher xylose and glucose contents of whole wood compared to non-ray 
tissue. Mannose and rhamnose were found in small quantities in non-ray 
tissue, and ara binose and galactose were absent from all tissue types. The 
mannose content of whole wood was slightly higher than that found in non-ray 
tissue. Mannose was absent from ray tissue. The FTIR-PAS spectra of ray and 
non-ray tissues confirmed the results obtained by wet chemical analysis. 
~he variation in extractive content of ray and non-ray tissues and whole 
wood from pith to bark followed similar trends with a tendency to decrease with 
increasing distance from the pith. The variation in lignin content of ray and 
non-ray tissues and whole wood from pith to bark was more variable with a 
slight tendency to decrease from the pith. The xylose and glucose content of 
whole wood was relatively constant with distance from the pith whereas those 
for ray and non-ray tissues were more variable with a slight tendency to decrease 
for xylose and increase for glucose content. 
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CHAPTER FIVE 
THE SORPTION CHARACTERISTICS OF RAY, NON-RAY AND WHOLE 
WOOD TISSUES IN G. ROBUST A 
5.1. Introduction 
Wood adsorbs or desorbs moisture as it is exposed to changes in the 
relative humidity or temperature of its surrounding environment. Eventually 
at a given relative humidity and temperature the adsorption or desorption of 
moisture by wood reaches a steady state known as the 'equilibrium moisture 
content' (EMC). In this state the moisture content of wood is in equilibrium 
with its surrounding environment. When cell walls are saturated with sorbed 
water but no free water is present in the cell lumens, the wood attains a 
condition known as the 'fibre saturation point' (FSP). The moisture content of 
wood at this point differs between wood species, but it is generally in the range of 
25 to 30 % (Panshin and De Zeeuw, 1980). The pheno1nena of moisture sorption 
and dimensional change of wood generally take place at a moisture content 
below FSP. Below the FSP dimensional changes are directly related to the 
adsorption or desorption of water. 
A number of investigations have been made on the mechanism of 
sorption of water in the vapour phase by wood and cellulosic materials (see 
reviews by Brown et al., 1952; Browning, 1963; Stamm, 1952, 1964 and Skaar, 
1988), but few attempts have been made to examine the sorption characteristics of 
different cell types, i.e., ray and non-ray tissue and the effect of distance from the 
pith on the sorption characteristics. In chapter four it was observed that ray 
tissue, non-ray tissue and whole wood differed in their chemical composition. 
The chemical composition of these tissue types also varied with distance from 
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the pith. These differences may influence sorption properties since the sorption 
characteristics of wood are to some extent determined by its chemical 
composition (Panshin and De Zeeuw, 1980). Kawamura (1982b) examined the 
sorption characteristics of the isolated ray and non-ray fractions in Q. glauca. He 
found that the moisture sorption of ray tissue in both adsorption and desorption 
over a relative humidity range of 20 - 95 % was greater than the sorption of non-
ray tissue. Apart from this study, no attempts have been made to examine the 
sorption characteristics of ray and non-ray tissues. No information is available 
on the sorption characteristics of wood from the Proteaceae and it is not known 
whether the sorption characteristics of G. robusta wood differ with position in 
the stem. This information is of relevance because sorption characteristics 
influence shrinkage. 
In this chapter the adsorption and desorption of ray, non-ray and whole 
wood tissues in G. robusta are examined. The effect of distance from the pith on 
the sorption characteristics of these tissue types is also examined. The aim is 
simply to determine whether tissue type or distance from the pith has a 
significant effect on sorption. 
5.2. Materials and Methods 
5.2.1. Sample preparation 
The remaining portions of three G. robusta wood disks used previously 
for anatomical and chemical analysis were used to examine sorption 
characteristics. A strip approximately 15 mm wide in the tangential direction 
was cut from each disk from pith to bark using a small band-saw. This wood 
strip was then sub-divided into three radially orientated wood strips (Fig. 5.1, I, II, 
III). Each of these strips was sub-divided into 5 sections extending from pith to 
bark. Sections A, B, C, D and E (Fig. 5.1) were used to prepare samples for the 
measurement of the sorption characteristics of isolated ray and non-ray tissue. 
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Sections F, G, H, I and J were used to prepare tangentially orientated whole wood 
samples. Sections K, L, M, N and O were used to prepare radially orientated 
whole wood samples. The latter two wood sample types were used to determine 
the sorption characteristics of whole wood. 
Wood cross section 
------~~~=----- Wood strip for sorption determinations 
............... ............. ............. ::·:.::·:::::.-:· ........................................ .._Wood strip for anatomical determinations 
··········.····:·.·····:·. Wood strip for chemical determinations 
__,_ ____ -t'lii Slicing pattern 
' 
'· II . 
' 
II~ 
/ ' ' ' ' 
' ' ' ' 
A B I C I D I E . I I I 70mm 
-, - - -, - - - .- - - .- - -
f ! G ! H ! J ! J 15 mm 
, - - -, - - - ,- - - .- - -
K L I M I N I O 15 mm 
Radial strip 
(II) 
10 mm 
(III) 
~6mm 
~ lO mm 
10 mm 
Tangential wood 
specimen 
Radial wood 
specimen 
TS 
(I) t/1 
..J 
I-
RS 
Ray tissue Non ray tissue 
Figure 5.1. Diagram showing the cutting of samples for determination of 
sorption characteristics. RS : radial surface; TS : 
transverse surface; TLS: tangential surface 
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Veneers measuring 0.10 - 0.15 mm in thickness were cut from sections A, 
B, C, D and E (Fig. 5.1 ). These were used for the analysis of the sorption 
characteristics of ray and non-ray tissue. A scissor was used to separate ray and 
non-ray tissue from the veneers. Isolated ray and non-ray tissue, approximately 
0.10 - 0.20 g in weight, were placed separately in flat-bottomed glass tubes (Fig. 
5.1). For the ray tissue, only one sample was produced for each sampling 
position from the pith due to the limited amount of material available. For the 
non-ray tissue, duplicate samples were produced. 15 ray samples and 30 non-ray 
samples were prepared in toto from the three wood disks. 
The second five wood sections (Fig. 5.1 II; F, G, H, I and J) were trimmed to 
produce samples with tangential surfaces measuring 10 x 10 x 8 mm. Four 
specimens 10 mm (longitudinal) x 10 mm (tangential) x 6 mm (radial) in size 
were produced from each section. These tangentially orientated specimens were 
then squared and smoothed using fine (80 grit) abrasive paper. Thus 20 wood 
specimens were produced from each wood disk, i.e., 60 in toto (20 x 3 = 60) from 
the three wood disks. The dimensions of these wood samples were similar to 
the samples produced by Kawamura (1982b) in his analysis of the sorption 
characteristics of ray and non-ray tissue. 
The third group of 5 wood sections (Fig. 5.1.III; K, L, M, N and 0) were 
trimmed as above, but radial surfaces were produced. A series of 4 specimens 
measuring 10 mm (longitudinal) x 6 mm (tangential) x 10 mm (radial) were also 
produced for the sections extending from pith to bark. Again 60 (radially 
orientated) wood samples (Fig. 5.1) were produced from the three wood disks. 
5.2.2. Measurement of adsorption and desorption 
Prior to determination of the sorption characteristics of whole wood, the 
radially and tangentially orientated wood specimens were placed separately in 
flat-bottomed glass tubes (length = 50 mm, internal diameter = 19 mm). Each 
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glass tube contained 4 wood samples. Similarly, 0.10 - 0.20 g of ray tissue or non-
ray tissue were placed separately in flat-bottomed glass tubes. Sorption 
measurements were made in adsorption and then desorption, i.e., starting 
initially from oven dry samples (Fig. 5.2 A). The desiccator method of 
determining sorption characteristics, described by Kawamura (1982b) and Goulet 
and Hernandes (1991), was used. The desiccator acted as a humidity chamber and 
measurements of sorption characteristics were made in successive steps by 
placing samples over saturated salt solutions (Fig. 5.2 B). Relative humidity was 
controlled by selecting different salt solutions for each desiccator (Table 5.1 ). 
Adsorption _.. 
lo::~JryH MgCl2 ~ NaBr H NaCl l:::f KO H H2o 
.__ Desorption 
A 
r---i....--1---Beaker glass 
~----~i;;;;u...-...i.lfi:,J!~"'-1~-•-"?~-- Glass tube contaning specimens 
B 
Figure 5.2. Adsorption and desorption steps (A) and the apparatus used 
for sorption determination (B). 
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Table 5.1. Relative humidity maintained above saturated salt solutions 
at 20 + 1 °C (Goulet and Hernandes, 1991) 
Chemical or salt solutions Relative humidity, r.h.(%) 
Phosphorus pentoxide ( P 2 0 5 ) O 
Magnesium chloride (MgCl 2) 33 
Sodium bromide (NaBr) 58 
Sodium chloride (NaCl) 76 
Potassium chloride (KCI) 86 
Water (H20) 100 
Prior to measurement of sorption characteristics, all samples were oven 
dried at 103 + 2 °C for approximately 72 h. The samples were then cooled in 
desiccators over dry phosphorus pentoxide (P20 5) and their oven dry weights 
were determined and recorded as oven dry weight at O % r.h. The weight at O % 
r.h. was used subsequently to determine the % moisture content of samples at 
successi_ve relative humidity conditions. The samples were then exposed 
sequentially over saturated salt solutions in desiccators with increasing r.h. over 
the range 33, 58, 76, 86 and 100 % (Table 5.1). The desiccators were placed in a 
conditioning room maintained at a constant temperature of 20 + 1 °C. Whole 
wood samples were exposed to each r.h. level in both adsorption and desorption 
cycles for 3 weeks. Ray and non-ray samples were exposed to each r.h. level for 1 
week. A preliminary experiment had showed that exposure of samples for these 
times was sufficient for them to reach EMC in both adsorption and desorption. 
At each step, the samples were weighed on an analytical balance to the nearest 
0.00005 g. Care was taken to ensure that all samples were weighed within as 
short a period as possible. The r.h. and temperature within the desiccator were 
periodically checked by inserting an electric hygrometer (VAISALA HMI 132, 
Finland) through the adjustable opening in the desiccator cover (Plate 5.1). 
73a 
Plate 5.1 . The desiccator and hygrometer used for sorption determinations 
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The desorption 111easurements were carried out in successive steps (as for 
the adsorption measurement) following the last adsorption stage, i.e., exposure 
to 100 % r.h. The moisture content (MC) of the samples at each r.h. stage was 
calculated using the initial oven dry weight as follows; 
A-B 
Moisture content, MC (%) = --------- x 100 
B 
where, A = weight of the sample at a given r.h. 
B = weight of oven dry sample at O % r.h. 
5.3. Statistical analysis of data 
The moisture content of ray tissue, non-ray tissue and whole wood at 
each r.h. level in both adsorption and desorption was subjected to an ANOV A 
where tissue type and distance from the pith were the main factors of interest. T 
tests were used to evaluate differences in the adsorption and desorption (A/D) 
ratio between tissue types and r.h. levels. 
5.4. Results and discussions 
For each tissue type, 1.e., ray, non-ray and whole wood tissue, the 
adsorption and desorption equilibrium moisture contents (MC) were made at six 
r.h. levels. The results shown in Table 5.2. are the mean values for each tissue 
type taken fron1 pith to bark. For ray tissue 15 samples were used, while for non-
ray tissue the moisture contents were obtained from 30 samples. The moisture 
content of whole wood was obtained from 120 samples. 
The equilibrium moisture content of ray tissue (Table 5.2) in both 
adsorption and desorption was consistently lower than the equilibrium moisture 
content of non-ray tissue and whole wood. For example, the equilibrium 
moisture content of ray tissue and non-ray tissue during adsorption at 76 % r.h. 
Table 5.2. Mean adsorption and desorption equilibrium moisture 
contents (MC) of ray tissue, non-ray tissue and whole 
wood at various relative humidities 
RH(%) Tree Adsorption, MC(%) Desorption, MC (%) 
no. R NR WW R NR WW 
0 1,2,3 0 0 0 0 0 0 
33 1 3.26 4.16 4.15 4.52 5.27 5.31 
2 3.32 4.09 4.04 4.65 5.42 5.35 
3 3.23 4.03 4.05 4.67 5.22 5.19 
Mean 3.27 4.09 4.08 4.61 5.30 5.28 
SD 0.04 0.05 0.05 0.07 0.08 0.07 
58 1 5.45 8.37 8.47 7.84 11.87 11.90 
2 5.47 8.40 8.38 7.74 11.88 11.75 
3 5.43 8.49 8.28 7.88 11.83 11.74 
Mean 5.45 8.45 8.38 7.82 11.86 11.83 
SD 0.02 0.05 0.08 0.06 0.02 0.07 
76 1 8.59 12.04 11.83 10.95 15.31 15.33 
2 8.69 11.91 11.75 10.96 15.36 15.26 
3 8.45 11.95 11.70 10.92 15.42 15.22 
Mean 8.58 11.97 11.76 10.94 15.36 15.27 
SD 0.10 0.05 0.05 0.02 0.05 0.05 
86 1 13.24 16.32 15.73 16.73 19.46 19.39 
2 13.26 16.36 15.65 16.70 19.36 19.06 
3 13.23 16.20 15.70 16.56 19.40 19.20 
Mean 13.24 16.29 15.69 16.66 19.41 19.22 
SD 0.01 0.07 0.03 0.07 0.04 0.14 
100 1 21.24 28.18 27.21 21.24 28.18 27.21 
2 21.19 28.09 27.09 21.19 28.09 27.09 
3 21.24 28.03 27.06 21.24 28.03 27.06 
Mean 21.22 28.10 27.12 21.22 28.10 27.12 
SD 0.02 0.06 0.06 0.02 0.06 0.06 
R = Ray tissue; NR = Non-ray tissue; WW= Whole wood; SD= Standard 
deviation 
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were 8.58 and 11.97 %, respectively. During desorption at the same r.h. the 
equilibrium moisture content of ray and non-ray tissue were 10.94 % and 15.36 
%, respectively. The moisture content of whole wood at each humidity level 
during adsorption and desorption was slightly lower than the moisture content 
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of non-ray tissue although there was some variation from this pattern. For 
example, at 33 % r.h. the moisture content during adsorption of whole wood 
from tree 3 (4.05 %) was higher than the moisture content (4.03 %) of non-ray 
tissue from the same tree. However, at relative humidities of 33, 58 and 76 % the 
moisture contents during desorption of whole wood from tree 1 were always 
higher than those found for non-ray tissue. 
The moisture content of ray tissue at 100 % r.h. was 21.22 % which was 
lower than that (28.10 %) found for non-ray tissue (Table 5.2). The moisture 
content of whole wood at this r.h. was 27.12 % which was also slightly lower than 
that found for non-ray tissue. The moisture contents of ray tissue, non-ray tissue 
and whole wood at 100 % r.h. can be considered to represent the fibre saturation 
point (FSP). Thus the fibre saturation point of ray tissue was lower than those of 
non-ray tissue and whole wood. This finding contrasts with the results of 
Kawamura (1982b) for Q. glauca. Although Kawamura (1982b) did not attempt to 
extrapolate his adsorption and desorption curves to 100 % r.h., the moisture 
content of rays across all r.h. levels, i.e., 20, 42, 66, and 95 % was higher than for 
wood in both adsorption and desorption. Thus the FSP of rays in Q. glauca were 
probably greater than the FSP of whole wood. The lower FSP for ray tissue here 
compared with non-ray tissue is, however, in accord with the findings of 
Morchauser and Preston (1954; quoted in Skaar, 1988). Morchauser and Preston 
(1954; quoted in Skaar, 1988) working with Q. borealis found that the fibre 
saturation point of ray tissue was 17.63 % compared with a value of 25.57 % for 
non-ray tissue. 
The lower FSP of ray tissue compared to non-ray tissue and whole wood 
may be related to differences in their chemical composition. It was found earlier 
(Chapter 4) that the extractive and lignin contents of the ray fraction were higher 
than in non-ray tissue and whole wood. Extractives reduce wood hygroscopicity 
by bulking the voids within the cell walls (Wangaard and Granados, 1967) and 
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therefore wood with a high extractive content tends to have a low fibre 
saturation point (Wangaard and Granados, 1967; Choong and Achmadi, 1991). 
For example, Wangaard and Granados (1967) found that the FSP of 9 hardwoods 
before extraction ranged from 20.5 % to 32.8 %, but the FSP increased to 30.4 - 38.0 
% after the removal of extractives. 
Ray parenchyma in G. robusta had a higher lignin content than non-ray 
tissue or whole wood. The role of lignin on the sorption characteristics of wood 
and other cellulosic materials has also been examined. Roy and Sen (1959; 
quoted in Kelsey, 1963) found that delignification of C. capsularis (jute) fibres 
increased their equilibrium moisture content during adsorption. Christensen 
and Kelsey (1958) working with isolated wood constituents derived from E. 
regnans found that lignin had a lower hygroscopicity than cellulose and 
hemicellulose. Thus the higher lignin content of ray parenchyma may explain 
its low sorption capacity. 
It was also observed (chapter 4) that the hemicellulose content of ray 
tissue was slightly higher than the hemicellulose content of non-ray tissue and 
whole wood. Hemicelluloses have a high hygroscopicity (Christensen and 
Kelsey, 1958) and their contribution to sorption characteristics of wood is higher 
than lignin, but lower than cellulose (Skaar, 1972). The ray tissue fraction in G. 
robusta has a lower hygroscopicity compared to the non-ray tissue fraction and 
whole wood. Possibly the effect of a higher hemicellulose content on sorption 
characteristics of rays may have been offset by their lower cellulose and higher 
lignin and extractive contents. 
The FSP of whole wood here (27.12 %; Table 5.2) was lower than the FSP 
of G. robusta grown in India (Jain and Pandey, 1982). Using the intersection 
point of the relationship between modulus of rupture (MOR), modulus of 
elasticity (MOE) and moisture content, Jain and Pandey (1982) found that the FSP 
of G. robusta was 28 - 29 %. The lower FSP of G. robusta wood here compared to 
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these results (Jain and Pandey, 1982) is not unexpected since the method used to 
obtain FSP here involved oven drying the wood sample which usually slightly 
decreases hygroscopicity. Thus Brown et al., (1952) stated that the original fibre 
saturation point of wood obtained when green can only be attained during re-
adsorption by prolonged steaming. 
At humidity levels of 33, 58, 76 and 86 % the moisture contents of ray 
tissue, non-ray tissue and whole wood during desorption were always higher 
than during adsorption (Fig. 5.3). This accords with most published sorption 
curves for wood. Several explanations have been advanced to explain this 
hysteresis and the loss of wood hygroscopicity which results on drying (Brown et 
al., 1952). The most accepted theory states that loss of hygroscopicity is due to 
changes in the secondary valence forces by which water molecules are bound to 
hydroxyl (OH) groups. In green wood, all the OH groups which can 
accommodate water molecules are satisfied. As drying proceeds, water molecules 
are expelled and neighbouring OH groups are drawn closer together. At some 
points during shrinkage, direct contact and bonding between adjacent OH groups 
take place. These rebonded OH groups may not be broken when wood sorbs 
water during adsorption, therefore fewer OH groups are available for bonding to 
water than existed when the wood was green. 
The sorption isotherm of ray tissue (Fig. 5.3) was lower than the 
isotherms of non-ray tissue and whole wood. Analysis of variance indicated that 
for different tissue types the variation in moisture content at each humidity 
level during adsorption and desorption was significant (p<0.001; Appendix I, 
Table 4 and 5). The variation in moisture content in both adsorption and 
desorption with distance from the pith was also significant (p<0.001) irrespective 
of humidity level. The interaction of moisture content with distance from the 
pith and tissue type was significant (p<0.05). This interaction was smaller during 
adsorption than during desorption. The between-tree variation in moisture 
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Figure 5.3. Sorption isotherms of ray, non-ray and whole wood in 
G. robusta at 20 °C. Solid lines : adsorption; broken lines: 
desorption 
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content in either adsorption or desorption was not significant (p>0.05) 
irrespective of humidity level. Kelsey (1957) working with klinki pine 
(Araucaria klinkii Lauterb) suggested that sorption properties do not vary greatly 
within and between wood species. The sorption isotherm curve for non-ray 
tissue was coincident with the isotherm for whole wood at low relative 
humidities, i.e., 33 % and 58 %, but thereafter the moisture contents of non-ray 
tissue were higher. However, t tests indicated that there was no significant 
(p>0.05) difference in the moisture content of non-ray tissue and whole wood 
irrespective of the humidity level. Analysis of the moisture content of each 
sampling point from the pith showed that the equilibrium moisture contents of 
the outer sections was higher than the inner sections (Fig. 5.4). The moisture 
contents of the inner sections, i.e., those samples obtained from up to 110 mm 
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from the pith (Fig. 5.4)) were similar. T tests indicated that there was no 
significant (p>0.05) variation in the moisture contents of the inner sections. The 
sorption isotherms of the inner and outer ray tissue, non-ray tissue and whole 
wood sections are presented in Figure 5.5. The shape of the sorption curves are 
similar for each tissue type, but the outer sections show higher moisture contents 
than the inner section irrespective of humidity level. The outer sections 
consisted entirely of sapwood which have a lower extractive and lignin content 
(Chapter 4). This presumably accounts for their higher moisture contents. 
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Figure 5.5. Sorption isotherms of outer and inner wood sections within 
the stem. Solid lines: adsorption; broken lines: desorption; 
A: ray tissue; B : non-ray tissue; C : whole wood 
The sorption isotherms found here contrast with those of Q. glauca 
(Kawamura, 1982b). He found that the equilibrium moisture contents of ray 
tissue during adsorption and desorption were greater than the moisture contents 
of whole wood. No comparable sorption isotherms are available for G. robusta 
or other members of the Proteaceae. 
The hysteresis (A/D) ratios for ray tissue, non-ray tissue and whole wood 
are given in Table 5.3. The relationship between the A/D ratio and relative 
humidity is illustrated graphically in Figure 5.6. The A/D ratio ranged from 0.69 
to 0.80 for ray tissue, 0.70 - 0.85 for non-ray tissue and 0.71 - 0.82 for whole wood. 
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Table 5.3. Adsorption and desorption (AID) ratio at 33 % to 86 % r.h. for 
ray tissue, non-ray tissue and whole wood. 
RH(%) Tree 
Adsorption-desorption (AID) ratio 
no. Ray Non-ray Whole wood 
33 1 0.72 0.73 0.73 
2 0.71 0.70 0.72 
3 0.69 0.72 0.73 
Mean 0.71 0.72 0.73 
SD 0.012 0.012 0.005 
58 1 0.70 0.72 0.71 
2 0.71 0.71 0.70 
3 0.69 0.72 0.71 
Mean 0.70 0.72 0.71 
SD 0.008 0.005 0.005 
76 1 0.78 0.79 0.77 
2 0.79 0.78 0.77 
3 0.77 0.77 0.77 
Mean 0.78 0.78 0.77 
SD 0.008 0.008 0.000 
86 1 0.79 0.83 0.81 
2 0.79 0.85 0.82 
3 0.80 0.84 0.82 
Mean 0.79 0.84 0.82 
SD 0.005 0.008 0.005 
Mean 0.75 + 0.04 0.76 + 0.05 0.76 + 0.04 
SD= Standard deviation 
The AID ratios of the different tissue types were similar, being 0.75 + 0.04 for ray 
tissue, 0.76 + 0.05 for non-ray tissue and 0.76 + 0.04 for whole wood. T tests 
indicated no significant (p>0.05) variation in the AID ratios of different tissue 
types, but the AID ratio of each tissue type was significantly (p<0.001; Appendix I, 
Table 6) greater at 76 % and 86 % r.h. than at 33 % and 58 % r.h. Variation in the 
AID ratio of ray tissue at 76 and 86 % r.h. was not significant (p<0.05). Similar 
results have been reported by other workers. Prichananda (1966) (quoted in 
Skaar, 1988) found that the AID ratio for yellow birch (Betula alleganiensis 
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Britton) ranged from 0.73 - 0.85 over a humidity range of 40 to 80 %. For 9 
hardwoods with extractive contents of 2.9 - 17.1 %, the AID ratio ranged from 
0.74 - 0.81 (Wangaard and Granados, 1967). 
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The AID ratios (Fig. 5.6) of ray tissue, non-ray tissue and whole wood 
decreased from 33 % r.h. to 56 % r.h. and then increased. With exception of the 
value at 33 % r.h., the AID ratio of non-ray tissue was consistently higher than 
for whole wood. Conversely, the AID ratio of ray tissue was the lowest 
irrespective of the r.h. level. Similar relationships between the AID ratio of 
wood and r.h. have been observed previously. Okoh and Skaar (1980) found that 
for Q. alba and Q. falcata and eight other hardwood species, the AID ratio was at a 
minimum in the mid humidity range (35 to 85 %). Turc and Cutter (1984; quoted 
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in Skaar, 1988) also found that the AID ratios of six hardwoods from Argentina 
were low in the intermediate humidity (17 to 97 %) range. The cause of this was 
not known. According to Stamm (1964), the AID ratio of holocellulose (0.86) was 
higher than that of whole wood (0.82), while the AID ratio of lignin was the 
lowest (0.78). Wangaard and Granados (1967) also reported that tauary wood 
(Couratary pulchra Sandw.) with an extractive content of 2.88 % had an AID 
ratio of 0.80 while mora amarilla wood (Chlorophora tinctoria (L.) Gaud.) with 
an extractive content of 17.05 % had an AID ratio of 0.74 %. Thus differences in 
the chemical composition of wood appear to influence the AID ratio. 
Accordingly, ray tissue in G. robusta which has a high extractive and lignin, but 
low holocellulose content, has a low AID ratio. 
5.5. Conclusions 
The sorption characteristics of ray tissue, non-ray tissue and whole wood 
in G. ro~usta at 20 °C were examined. The shapes of the sorption isotherms were 
generally similar for all tissue types, but the moisture contents in both 
adsorption and desorption of ray tissue were lower than for non-ray tissue or 
whole wood. This finding contrasts with a previous study of the sorption 
characteristics of Q. glauca in which it was found (Kawamura, 1982b) that rays 
had a higher EMC than non-ray tissue. Conversely, it accords with the finding of 
Morchauser and Preston (1954; quoted in Skaar, 1988) that ray tissue in Q. borealis 
had a lower fibre saturation point than non-ray tissue. The moisture contents of 
whole wood were generally slightly lower than for non-ray tissue. The moisture 
content of ray tissue at 100 % r.h. which can be considered to represent the fibre 
saturation point was low (21.22 %) compared to the FSP of non-ray tissue (28.10 
%) and whole wood (27.12 %). For all tissue types the equilibrium moisture 
contents of the outer wood sections (sapwood) were greater than the inner 
sections (heartwood) irrespective of humidity level. The differences in 
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equilibrium moisture contents of inner and outer sections were greater for 
whole wood than for non-ray tissue. The effect of distance from the pith on the 
moisture content of ray tissue was small. 
The hysteresis (A/D) ratios for all tissue types were lower at 33 and 58 % 
r.h. compared to the ratios at 76 and 86 % r.h., but there was a close similarity 
between the A/D ratios of ray tissue, non-ray tissue and whole wood. Differences 
in the A/D ratios were low at intermediate humidities, but thereafter they 
increased. It is suggested that variation in the chemical composition of the 
different tissue types probably account for differences in their sorption 
characteristics. 
( 
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CHAPTER SIX 
THE INFLUENCE OF RAYS ON THE SHRINKAGE OF G. ROBUST A 
6.1. Introduction 
Wood shrinks unequally in the radial, tangential and longitudinal 
directions. This anisotropic shrinkage has been well known for many years. 
Lower shrinkage in the radial than in the tangential direction has been related to 
the restraining effects of rays on shrinkage in the radial direction (Clarke, 1930; 
Chalk, 1955; Greenhill, 1944; Kawamura, 1979, 1982a, 1984). However, contrary 
evidence of the effect of rays on radial shrinkage has also been reported (Nakato, 
1958; quoted in Kelsey, 1963). Nakato (1958; quoted in Kelsey, 1963) measured the 
radial shrinkage of thin cross sections consisting of fine rays only, broad rays only 
and both fibres and rays. He found that the effects of rays in restraining radial 
shrinkage was limited to the fibres attached to fine rays. He suggested that in 
coniferous wood, where the volumetric proportion of fine rays is between 2 and 
7 %, the rays do not significantly restrain radial shrinkage. He also suggested that 
in hardwoods where the proportion of rays is higher, between 10 and 30 %, rays 
still do not significantly restrain radial shrinkage. 
Increasing tangential shrinkage with increases in the proportion of ray 
tissue has been reported (Bosshard, 1956; Kazita et al., 1953), but again the 
converse has also been found. For example, increasing tangential shrinkage with 
decreases in the proportion of ray tissue was found for 11 hardwoods having a 
ray tissue percentage of between 8 and 22 % (Barclay, 1955). 
Wood usually shows negligible shrinkage in the longitudinal direction 
and hence for practical reasons longitudinal shrinkage of wood has received less 
attention than transverse shrinkage. However, in wood species having a high 
proportion of rays it has been suggested (Chalk, 1955; Hale, 1957 and Kelsey, 1963) 
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that longitudinal shrinkage might be greater since the shrinkage of rays in height 
(longitudina I to the stem) is high. 
Shrinkage anisotropy of some members of the Proteaceae has been 
studied. Clarke (1930) and Lindsay and Chalk (1954) observed the effect of rays on 
the shrinkage of C. sublimis and H. terminalis. Shrinkage in G. robusta has also 
been examined. Greenhill (1944) compared the radial and longitudinal 
shrinkage of isolated ray tissue and whole wood in G. robusta. Clarke (1930) also 
examined the shrinkage of G. robusta wood fibres and rays. Apart from these 
studies, little other information is available on the shrinkage of ray, non-ray and 
Qe.. 
whole wood tissue in G. robusta. Furthermore, no data available on the 
tangential shrinkage of isolated ray and non-ray tissue in G. robusta . The effect 
of rays on longitudinal shrinkage has also not been examined. The present study 
is designed to furnish such information and given the conflicting reports in the 
literature regarding the effect of rays on wood shrinkage to determine the 
influence of rays on the shrinkage of G. robusta. In Chapter 3, the variation in 
ray tissue from pith to bark was examined. Similar samples were cut here to 
determine the effect of within-tree variation in the proportion of ray tissue on 
longitudinal and transverse shrinkage. The radial, tangential and longitudinal 
shrinkage of isolated ray and non-ray tissue cut from pith to bark was also 
examined to determine whether their shrinkage behaviour differed with 
position within the stem. 
6.2. Materials and Methods 
6.2.1. Sample preparation 
The remaining portions of three wood disks used previously to 
determine the anatomical, chen1ical and sorption characteristics of G. robusta 
were used to determine the shrinkage characteristics of ray tissue, non-ray tissue 
and whole wood. A strip of wood, 10 mm wide in the tangential direction, was 
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Figure 6.1. Diagram showing the method of cutting specimens for shrinkage 
determinations. TS: transverse surface; TLS: tangential surface; RS: 
radial surface; K: whole wood sample; L: non-ray sample used for radial 
and longitudinal shrinkage; M: non-ray sample used for tangential 
shrinkage; N: ray sample used for radial and longitudinal shrinkage; 0: 
ray sample used for tangential shrinkage 
cut from pith to bark from each disk using a small band-saw. Thus three radial 
strips were produced. Each strip was then sub-divided into two strips (Fig. 6.1 ). 
Specimens cut from the first strip (I) were used to determine the shrinkage of 
whole wood, and specimens cut from the second strip (II) were used to 
determine the shrinkage of isolated ray and non-ray tissues (Fig. 6.1). 
... 
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The first radial wood strip (I) was sub-divided into 4 or 5 wood sections (A 
- E). These sections were used to prepare specimens for the determination of the 
radial, tangential and longitudinal shrinkage of whole wood. 4 wood specimens 
measuring 20-30 mm (radial) x 3-5 mm (longitudinal) x 5-7 mm (tangential) were 
cut from sections A, B, C, D and E. These wood specimens (Fig. 6.1 K) were then 
squared and smoothed using fine (80 grit) abrasive paper prior to the 
determination of their shrinkage in the radial, tangential and longitudinal 
directions. 
Wood from the second strip was also sub-divided into 4 or 5 wood 
sections (Fig. 6.1 F - J). These sections were used to prepare veneers for the 
determination of the radial, tangential and longitudinal shrinkage of isolated ray 
and non-ray tissues. Veneers 0.15 - 0.20 mm in thickness were cut from the 
radial surface of sections F, G, H, I and J. Care was taken to minimise any 
distortion of the veneers during cutting. This was done by adjusting the angle 
(inclination angle) of the microtome knife relative to the orientation of the 
wood block (Fig. 6.2). On cutting, the movement of the microtome knife was 
parallel to the longitudinal direction of the wood block (Fig. 6.2). When the 
inclination angle is low (a $ 45 °; Fig. 6.2) cutting can reduce the specimen length 
relative to the original length of the wood sample, as Sadoh and Christensen 
(1967) observed. Hence the inclination angle was adjusted to approximately 80 ° 
(Fig. 6.2). It was also necessary to sharpen the microtome knife to minimise 
distortion of veneers due to blunting of the microtome knife. 
Sharpening of the microtome knife was done by manually rubbing the 
edge of the knife on a Sirokeen knife plate sharpener. A mixture of turkey red 
oil (45 mL), water (1000 mL), ethanol (1000 mL) and petroleum spirit (400 mL) 
was used as a lubricant on the plate surface. An alumina Q (3 mL) abrasive was 
then added to this solution before it was poured on to the plate surface. 
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microtome knife 
microtome knife movement 
inclination angle 
Figure 6.2. Microtome apparatus used to cut thin veneers. 
A razor blade was used to separate ray and non-ray tissues from the 
veneers. Eight small sections measuring 15 - 25 mm (radial) x 2 - 4 mm 
(longitudinal) x 0.15 - 0.20 mm (tangential) and consisting of either ray or non-
ray tissue were cut from the veneers (4 sections for each tissue type) and used to 
examine the radial and longitudinal shrinkage of isolated ray and non-ray 
tissues. These small sections dissected from veneers were cut sequentially from 
the pith outwards. 
The remaining portions of wood sections F, G, H, I and J were used to 
prepare samples for the measurement of the tangential shrinkage of isolated ray 
and non-ray tissue. Veneers 0.15 - 0.20 mm in thickness were cut from the 
transverse surface of these wood sections (Fig. 6.1 F - J). A series of 4 small 
sections consisting of either ray or non-ray tissue measuring 1 - 2 mm 
(tangential) x 1 - 2 mm (radial) x 0.15 - 0.20 mm (longitudinal) were cut from the 
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veneers using a razor blade. Due to the difficulties of producing isolated ray 
tissue samples, small amounts of non-ray tissues were sometimes included in 
the isolated ray tissue samples (Fig. 6.1 0). 
'I 
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6.2.l.. Measurement of the shrinkage of isolated ray and non-ray tissue 
Ray and non-ray tissue samples were reduced to 3 mm (longitudinal) x 4 
mm (radial) in size. Samples were put on a glass slide, and drops of water were 
applied to them. A cover slip was then placed over the samples (Fig. 6.3). 
Stickers made of veneers of similar thickness to the samples were placed between 
the edge of the cover slip and the glass slide to ensure that the cover slip did not 
restrain the samples during drying. The cover slip was taped to the glass slide 
(Fig. 6.3) to facilitate handling of the samples. The samples were then placed in a 
desiccator over distilled water and remained there for 7 days. In the saturated 
Sticker Tape 
Ray or non-ray sample Cover slip 
Figure 6.3. Diagram showing the method of preparing ray and non-ray 
samples for shrinkage measurements 
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state, the samples were viewed using a light microscope (Wild Photomakroskop 
M400) at a magnification of 3.15 times. In1ages of the samples were recorded on 
to video tape by diverting the image from the light microscope to a Super VHS 
video cassette recorder (Panasonic NU-FS 100 HQ) (Plate 6.1). Diverted images 
were then recorded on to high quality video tape (Panasonic Super Premium 
Standard Video Cassette NV-E30 ESP). The positioning of samples under the 
microscope and recording their dimensions took approximately 20 seconds thus 
dimensional changes during handling were minimised. After the dimensions of 
samples in the saturated state were measured, the samples were then oven dried 
at 103 + 2 °C for 48 h. After oven drying, the sa111ples were kept in a sealed 
desiccator over phosphorus pentoxide (P20 5). Dimensional measurements of the 
oven dry samples were then undertaken as above. 
Measurements of the radial and longitudinal dimensions were made 
using images recorded above. The images were converted to a digital form using 
image capture software (Quikimage 24, Mass microsystems Inc. Calif.). The 
digital images were then analysed using an image analysis program (Image 1.44). 
Measurements of dimensions on captured images were made using a point to 
point measurement system. A 1 mm scale bar was digitised along with the 
samples. Measurements were made from the edges of each sample (for each 
image two measurements for the radial and the longitudinal directions were 
made). For the measurement of the tangential shrinkage of ray tissue and non-
ray tissue (Fig. 6.1 M and 0), measurements were sometimes made using 
distinctive features located son1e distance from the edge of the specimens. This 
was necessary since in some cases the edges of the specimens were not well 
defined. Images of the specimens in the saturated and oven dry conditions were 
recalled within the same "window" within "linage" so that measurement of 
dimensions in both conditions could be made at the same time. The results of 
the measurements were stored on a spreadsheet (Microsoft Excel) . Shrinkage 
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Plate 6.1. The equipment used to determine the shrinkage anisotropy of 
isolated ray and non-ray tissue 
was calculated as follows; 
A-B 
Shrinkage (%) = ---------- x 100 
A 
where, A = distance measured when saturated 
B = distance measured when oven dry 
6.3. Statistical analysis of data 
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The shrinkage of whole wood, ray and non-ray tissues were subjected to 
an analysis of variance (ANOV A) where distance from the pith was the main 
factor of interest . Linear regressions were performed to evaluate the influence of 
ray area of whole wood on radial, tangential and longitudinal shrinkage. 
6.4. Results and Discussion 
Shrinkage of ray, non-ray tissues and whole wood in the radial, tangential 
and longitudinal directions are given in Table 6.1. The proportion of 
multiseriate rays in whole wood samples are also given in Table 6.1. 
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6.4.2. Shrinkage of ray and non-ray tissues 
The shrinkage of ray and non-ray tissues are shown in Table 6.1. The 
tangential shrinkage of ray tissue was 3.18 % (Table 6.1) which was higher than 
shrinkage in the radial (0.64 %) and longitudinal (1.50 %) directions. These 
figures are lower than the comparable radial and longitudinal shrinkage values 
for G. robusta of 1.2 % and 5.7 %, respectively, observed by Greenhill (1944). 
The shrinkage of non-ray tissue in the tangential direction (7.85 %) was 
higher than in the radial (3.32 %) and longitudinal (0.44 %) directions. No 
comparable data on the tangential shrinkage of non-ray tissue in G. robusta a€-
available. Shrinkage of thin sections of non-ray tissue for some other men1bers 
of the Proteaceae are given by Lindsay and Chalk (1954). They found that radial 
shrinkage of ray-free C. sublimis wood samples was 4.90 % whereas in H. 
terminalis it was 3.93 %. 
With the exception of shrinkage in the long axis, transverse shrinkage of 
non-ray tissue was always higher than the shrinkage of ray tissue irrespective of 
position within the tree stem. Differences in the shrinkage of ray and non-ray 
tissue are presumably due to differences in their physical, chemical and sorption 
properties. A lower moisture sorption of ray tissue than non-ray tissue was 
observed (Chapter 5) and this may account for the lower transverse shrinkage of 
ray compared to non-ray tissue since din1ensional changes are directly correlated 
with the sorption of water. This suggestion support the finding of Morchauser 
and Preston (1954; quoted in Skaar, 1988) that the low shrinkage of ray tissue 
compared to longitudinal elements in Q. rubra was due to the low hygroscopicity 
of ray tissue. Fibres have significantly thicker cell walls and larger wall areas 
compared to ray parenchyn1a cells (Chapter 3) and this could account for the 
greater shrinkage of the former since shrinkage is also correlated with cell wall 
thickness. For example, McIntosh (1955a), Pentoney (1955) and Quirk (1984) 
found that shrinkage of latewood cells having thick cell walls was higher than 
the shrinkage of thin walled earlywood cells. Another possible explanation is 
that the extractive content of rays was high (significantly higher than in non-ray 
tissue; Chapter 4) which could reduce shrinkage of rays. Evidence to support this 
suggestion is available from a number of studies. It has been observed by many 
investigators (Salamon and Kozak 1967; Chafe 1987, 1990; Cheong and Achmadi, 
1991) that wood with a high extractive content tends to shrink to a lesser degree 
than wood with a low extractive content. Ray tissue also has a higher lignin 
content (Chapter 4) which has also been found to be negatively correlated with 
shrinkage (Clarke and Pettifor, 1940; Bosshard, 1956; Boyd, 1974, 1977). 
Accordingly, ray tissue which has thinner cell walls and a lower cell wall area 
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and a high extractive and lignin content is likely to shrink less than non-ray 
tissue. Rays showed greater longitudinal shrinkage than non-ray tissue (Table 
6.1). Kelsey (1956) using X-ray diffraction showed that the microfibril angle of 
fibres in C. inophloia was 20 ° whereas the microfibril angle of rays in the 
longitudinal direction was 50 °. Kawamura (1984a) also reported that the mean 
microfibril angle of rays in five Japanese woods was between 56.9 ° and 64.2 °. 
Since there is a positive correlation between microfibril angle and longitudinal 
shrinkage (Kelsey, 1963) higher microfibril angles of rays may account for the 
greater longitudinal shrinkage of ray tissue compared to non-ray tissue. 
4.0 
3.5 
3.0 
-~ 2.5 
-~ 
00 ] 2.0 
= ..... 1.5 
..t: 
CJ) 
1.0 
0.75 
0.70 · 
0.65 
0.60 
0.55 
0.50· 
0.49 
A B 
Tangential 
9.0 
8.0 
7.0 
6.0 
Longitudinal 
5.0 
f,--- + + ir ~ 4.0 Radial ~--·-i---- ... 
3.0 --·-- ···-··· 
0.48 t-----+, ..... Longitudinal 
0.46 
.. ·t --. -, .. fad ia 1 
0.44 
.. '+ 
0.42 
0 10-35 35-60 60-85 85-110 110-135 0 10-35 35-60 60-85 85-110 110-135 
Distance from pith (mm) Distance from pith (mm) 
Figure 6.5. The variation in shrinkage of ray tissue (A) and non-ray 
tissue (B) from pith to bark 
The shrinkage of isolated ray and non-ray tissues taken from the pith 
outwards are given in Figure 6.5 A and B, respectively. Irrespective of the 
direction in which shrinkage was measured, the variation in shrinkage of ray 
tissue with distance from the pith was not significant (p>0.05; Appendix I, Table 
8). Similarly, although fibre cell wall thickness varied significantly with distance 
from the pith (Chapter 3), the shrinkage of non-ray tissue did not differ 
significantly (p>0.05; Appendix I, Table 9) with distance from the pith. No 
significant variation in the lignin content (Chapter 4) of ray and non-ray tissue 
with distance from the pith was found. This may account for the lack of any 
variation in the shrinkage of ray and non-ray tissue with distance from the pith, 
since Boyd (1974) noted that differences in lignification of cell walls affected 
shrinkage. 
6.4.3. The effect of rays on shrinkage 
The proportion of the whole wood samples occupied by rays was 20.3 % 
(Table 6.1) which was slightly lower than that reported in Chapter 3. On 
exam1n1ng ray area here, wood samples were magnified 12.6 times and 
photographs were taken of their tangential faces. Large rays were then dissected 
from the samples and the proportion of rays present on the photograph was 
determined gravimetrically. Errors may have occurred when dissecting the rays 
from the photographs. In Chapter 3, the tangential sections were magnified 25 
times and further magnification of the image was applied during ray area 
determination to ensure that the boundary between rays and adjacent tissues was 
clearly defined. Hence it is possible that the ray area figures presented here are 
not as accurate as those given earlier in chapter 3. 
Linear regressions of ray area against radial, tangential and longitudinal 
shrinkage are given in Figure 6.6. Radial shrinkage showed a significant 
(p<0.001, Table 6.2) decrease with increases in ray area. This suggests, although 
the degree of correlation is not high (r2 = 0.68), that rays have some effect in 
reducing the radial shrinkage of whole wood. This pattern accords with most 
findings for other wood species (Clarke, 1930; Lindsay and Chalk, 1954; Greenhill, 
1944; Wijesinghe, 1959; McIntosh, 1955a, 1955b, 1957; Kavvamura, 1979, 1982a, 
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Table 6.2. Estimates of the regression coefficients for the relationships 
between shrinkage and ray area in G. robusta 
Direction Estimate s.e. t Significance 
Radial -0.203 0.042 -4.875 
*** 
Tangential 
-0.203 0.066 -3.067 
** 
Longitudinal 0.019 0.006 3.123 
** 
s.e. : standard error of estimate; t: t-statistic; ** : p<0.01; *** : p<0.001 
1984b ). In contrast, some other authors have found that rays were not the most 
important factor accounting for the lower radial shrinkage of wood. For 
example, Nakato (1958; quoted in Kelsey, 1963) found that fine rays in coniferous 
woods which occupied 2 - 7 °/o of the whole wood did not significantly restrain 
radial shrinkage. Furthermore, he observed that in hardwoods in which rays 
occupied 10 - 30 °/o of the wood by volume, the rays still did not restrain radial 
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shrinkage. 
The effect of rays in restraining radial shrinkage is shown in Table 6.3 
where the shrinkage of whole wood to that of isolated ray and non-ray tissue was 
compared. Radial shrinkage of whole wood was approximately 4.0 times greater 
than radial shrinkage of isolated ray tissue (Table 6.3). The radial shrinkage of 
Table 6. 3. Shrinkage ratios of ray tissue, non-ray tissue and whole wood 
in G. robusta 
Comparison Tree no. Radial Tangential Longitudinal 
Ray : non-ray 1 1.0: 5.0 1.0: 2.7 3.4: 1.0 
2 1.0: 5.3 1.0: 2.5 3.2: 1.0 
3 1.0: 5.2 1.0: 2.2 3.6: 1.0 
Mean 1.0: 5.2 1.0: 2.5 3.4: 1.0 
SD 0.12 0.21 0.16 
Wood : non-ray 1 1.0: 1.3 1.0: 1.1 1.1 : 1.0 
2 1.0: 1.2 1.0: 1.0 1.1 : 1.0 
3 1.0: 1.4 1.0: 1.1 1.2: 1.0 
Mean 1.0: 1.3 1.0 : 1.1 1.2 : 1.0 
SD 0.08 0.05 0.05 
Wood: ray 1 3.7: 1.0 2.4: 1.0 1.0: 3.0 
2 4.5: 1.0 2.4: 1.0 1.0: 3.0 
3 3.8: 1.0 2.0: 1.0 1.0: 2.9 
Mean 4.0: 1.0 2.2 : 1.0 1.0 : 2.9 
SD 0.36 0.19 0.05 
SD = Standard deviation 
wood free from large rays (non-ray tissue) was approximately 5.2 times greater 
than isolated ray tissue. Radial shrinkage of non-ray tissue was 1.3 times greater 
than whole wood. Such data suggests that the low radial shrinkage of ray tissue 
may restrain the radial shrinkage of whole wood. 
To observe further the effect of rays in restraining radial shrinkage, 
transverse sections containing ray and non-ray tissues located in different 
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positions within the sections were photographed after shrinkage had occurred. 
These sections were similar to those used by Lindsay and Chalk (1954) and 
McIntosh (1955a) in their studies of the effect of rays on shrinkage. After drying, 
the wood strips containing rays located on one edge of the specimen bent with 
the ray on the convex edge (Plate. 6.2). The degree of curvature appeared to be 
dependent on whether the ray tissue was attached on one side to the adjacent 
non-ray tissue since sections containing centrally located rays showed little 
curvature (Plate 6.2). This indicates that the ray tissue exerted a restraining effect 
on the shrinkage of non-ray tissue. 
The tangential to radial shrinkage (T /R) ratio of non-ray tissue was 2.37 
which was high (Table 6.1), suggesting that there might be factors other than rays 
which may restrain shrinkage in the radial direction. This finding is similar to 
the results of Greenhill (1944) and Wijesinghe (1959), but contrasts with those of 
McIntosh (1955b). He found that the T /R ratio for Q. rubra and F. grandifolia 
latewood free from large rays was close to unity. He attributed this to the 
negligible effect of fine rays in restraining radial shrinkage. In contrast, 
Schniewind (1959) reported no differences in the T /R ratio of Californian black 
oak (Quercus kelloggii Neub.) earlywood and latewood free from large rays. In 
these specimens tangential shrinkage was still considerably greater than radial 
shrinkage, which again suggests that factors other than rays restrain shrinkage in 
the radial direction. 
A number of explanations other than the restraining effect of rays have 
been proposed to explain why the tangential shrinkage of wood is higher than 
radial shrinkage. The effect of microfibril angle, which is high in radial walls, 
the thickness of cell walls, the degree of pitting, the shape and arrangement of 
cells and cell types (summarized by Erickson, 1955) and the degree of lignification 
which is high in radial walls (Bosshard 1956; Kato and Nakata 1968 and Boyd 
1974) have all been proposed as influencing the tangential to radial shrinkage 
Plate 6.2. 
10 2 
Photomicrograph of transverse sections showing the effect of 
ray tissue on the radial shrinkage of G. robusta 
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ratio. The presence of uniseriate rays (fine rays) in the non-ray samples may also 
have influenced their tangential to radial shrinkage ratio. 
When the tangential shrinkage of whole wood is plotted against ray area, 
there is an indication that tangential shrinkage decreased with increases in ray 
area (Fig. 6.6). This relationship was significant (p<0.01; Table 6.2), but the 
correlation coefficient was fairly low (r2 = 0.46). This finding contrasts with 
results reported by Bosshard (1956), Kazita et al., (1954), Hale (1957) and 
Schniewind (1959) where tangential shrinkage increased with increases in ray 
area. Conversely, it accords with the results of Barclay (1955) who examined the 
shrinkage of 11 different hardwoods from the Meliaceae and Moraceae. Barclay 
(1955) found that the tangential shrinkage of these woods which have a ray 
parenchyma volume of between 8 % and 22 % decreased with an increase in the 
proportion of rays. 
The reason for the reduction in tangential shrinkage with an increase in 
ray area becomes clearer when the tangential shrinkage of non-ray to that of ray 
tissue is compared. The tangential shrinkage of whole wood and non-ray tissue 
were 2.2 and 2.5 times greater respectively than that of ray tissue (Table 6.3). 
Although the tangential shrinkage of ray tissue was considerably higher than 
radial shrinkage, it was still low when compared to the tangential shrinkage of 
non-ray tissue. Therefore the low tangential shrinkage of ray tissue in G. robusta 
probably reduced the overall tangential shrinkage of whole wood. 
The longitudinal shrinkage of whole wood was approximately 1.2 times 
greater than the shrinkage of non-ray tissue (Table 6.3), but the longitudinal 
shrinkage of ray tissue was approximately 3.4 times that of non-ray tissue. Thus 
it is probable that the high longitudinal (relative to the axis of whole wood) 
shrinkage of rays in G. robusta increased the overall longitudinal shrinkage of 
whole wood. A regression on the longitudinal shrinkage of whole wood and ray 
area (Figure 6.6) revealed that there was a significant positive correlation 
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(p<0.001, Table 6.2) between the longitudinal shrinkage of whole wood and ray 
area (Table 6.2; r2 = 0.47). In contrast to this finding, higher longitudinal 
shrinkage of non-ray tissue compared to whole wood has been reported by Sadoh 
and Christensen (1967). They compared the longitudinal shrinkage of A. 
cunninghamii using 1 mm, 80 µm and 50 µm thick samples. The highest 
longitudinal shrinkage was found in the thinnest samples. This was attributed 
to the reduced restraint of the middle lamella and microfibrils in the thin 
sections. However, the effect of rays on shrinkage in their study was negligible 
since A. cunninghamii has a uniform structure with only narrow rays. Hence 
their findings may not be relevant here. The finding here that rays increase 
longitudinal shrinkage, confirm the suggestion of Lindsay and Chalk (1954) and 
Hale (1957) that 'large rays have a tendency to increase the longitudinal 
shrinkage of wood'. Clarke (1930) and Barkas (1944; quoted by Kelsey, 1963) also 
suggested that the longitudinal shrinkage of wood increased with an increasing 
proportion of rays although they did not confirm their suggestion 
experimentally. 
6. 5. Conclusions 
The effect of rays on the shrinkage of whole wood in G. robusta was 
examined. Isolated ray tissue showed relatively low radial and tangential 
shrinkage compared to non-ray tissue, but the longitudinal shrinkage of ray 
tissue was relatively high . Non-ray tissue showed a greater transverse 
(tangential and radial), but a smaller longitudinal shrinkage compared to ray 
tissue. Hence the radial and tangential shrinkage of whole wood were negatively 
correlated with ray area. The r2 values for regressions on ray area and radial and 
tangential shrinkage were 0.68 and 0.46, respectively . In contrast, ray 
parenchyma increased the shrinkage of whole wood in the longitudinal 
direction, but linear regression indicated that the correlation between ray area 
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and longitudinal shrinkage was quite low (r2 = 0.46). 
Shrinkage of isolated ray tissue in the tangential and longitudinal 
(relative to the stem) directions were relatively constant, but radial shrinkage 
decreased with distance from the pith. With increasing distance from the pith, 
shrinkage of isolated non-ray tissue in the radial and tangential directions 
decreased slightly, but tangential shrinkage increased slightly. 
( 
106 
CHAPTER SEVEN 
GENERAL DISCUSSION AND CONCLUSIONS 
7.1. Introduction 
The properties of wood depend to a large extent on _the dimensions and 
the physical and chemical properties of its structural elements. Fibres are the 
major structural elements of most hardwood species, but in some species rays 
form a substantial proportion of the woody tissue. In certain members of the 
Fagaceae, it has been shown that rays significantly influence wood properties. 
This study was concerned with some of the anatomical, physical and 
chemical characteristics of ray tissue in G. robusta. Particular attention was given 
to the influence of rays on shrinkage. As with other members of the Proteaceae, 
for example, C. sublimis and 0 . excelsa, G. robusta possesses a relatively high 
proportion of ray parenchyma tissue. Carlquist (1988) states that 'rays have cell 
walls comparable in thickness and chemistry to the other wood elements and it 
can be assumed that they contribute appreciably to wood properties'. However, 
the properties of rays and the extent to which they influence shrinkage in the 
Proteaceae has not been well documented. Furthermore, with a potential 
increase in the availability of G. robusta from plantations (Harwood, 1989), there 
is a need for a closer examination of its wood properties. Both these points were 
addressed in this study. 
7.2. Discussion and Conclusions 
7.2.1. The anatomical and chemical properties of ray tissue in G. robusta 
Many studies have shown that for both softwoods and hardwoods, ray 
parenchyma cells differ in dimensions from other longitudinal cellular 
elements. In comparison to fibres, the major cellular elements of hardwoods, 
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ray cells have thinner cell walls, larger lumen diameters and therefore a smaller 
proportion of cell wall per unit area. This was confirmed here. Compared to 
fibres, ray parenchyma in G. robusta had thinner cell walls (1.33 v 3.06 µm), 
larger lumen diameters (16.22 v 10.11 µm) and a smaller cell wall area (30.4 v 
62.10 %). G. robusta had a ray parenchyma area of 22.3 % on its tangential face 
which was higher than the average percentage ray content of North American 
hardwoods and fell within the range of values reported for Quercus spp. (Table 
2.2). 
Systematic variation in wood properties across growth increments from 
pith to bark is the result of several influences. Panshin and De Zeeuw (1980) 
stated that the changes in cambial initials as they continue to function in the 
ageing tree, and the development of cells derived from the cambium are two 
major factors that cause this variation. The influence of these two factors is 
expressed as centrifugal variation in cell dimensions within trees. There have 
been some studies of the variation in fibre dimensions from pith to bark, but no 
studies, for any species, of the variation in ray parenchyma dimensions from 
pith to bark. Cell wall thickness and lumen diameter of both ray parenchyma 
and fibres in G. robusta increased from pith to the bark, whereas cell wall area 
decreased slightly. It is of interest to note that the variation in ray parenchyma 
and fibre dimensions with distance from the pith appeared similar, perhaps 
indicating com1non influences on the development fusiform and ray initials 
during tissue growth. Scaramuzzi (1958; quoted in Van Buijtenen, 1989) stated 
that there was very little variation in the proportion of hardwood cellular 
elements from pith to bark, but ray volume shows some variation with distance 
from the pith. This suggestion was confirmed here as ray parenchyma area 
decreased slightly from pith to bark. 
For the same species, the variation of wood properties within trees is 
generally greater than the variation between trees. Larson (1967; quoted in Van 
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Buijtenen, 1989) stated that more variability in wood characteristics existed 
within a single tree than among trees growing on the same site. Accordingly, 
with the exception of fibre cell wall area and ray cell wall thickness, the 
dimensions of ray parenchyma and fibres in G. robusta showed greater variation 
with distance from the pith than between trees. 
The centrifugal variation in cell dimensions of rays and fibres and 
percentage of ray tissue with distance from the pith may be expected to influence 
the chemical composition of the stem. There have been some attempts to 
examine the chemical composition of isolated ray tissue, hardwood fibres and 
softwood tracheids. Previous studies have shown that ray tissue differs in 
chemical composition from fibres. Although the present work did not examine 
the chemical composition of isolated fibre tissue, great differences in the 
chemical composition of ray and non-ray tissue were observed. The major 
primary chemical components of ray tissue, non-ray tissue and whole wood, i.e., 
alpha-cellulose, holocellulose, holocellulose derived sugars and lignin, were 
analysed. The minor secondary chemical components, i.e., extractives were also 
analysed. The ray tissue fraction of G. robusta had a lower cellulose, 
holocellulose and a greater lignin and extractive content than non-ray tissue or 
whole wood. Differences in the holocellulose derived sugar content of ray tissue 
and non-ray tissue or whole wood were also found. Ray tissue had a greater 
xylose, but a lower glucose content than non-ray tissue or whole wood. Xylose is 
derived from xylan based hemicelluloses whereas glucose is derived from 
cellulose and hemicellulose. Hence this analysis confirmed the lower cellulose 
content of ray tissue. Rhamnose was isolated in small quantities from non-ray 
tissue whereas ara binose and galactose were absent from all tissue types. 
Mannose was isolated from whole wood and non-ray tissue, but was absent from 
ray tissue. The absence of mannose from ray tissue suggests that mannan based 
hemicelluloses (galactoglucomannans) are not found in the cell wall of ray 
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parenchyma. Differences in the chemical composition of ray and non-ray tissue 
in G. robusta were generally in accord with results reported in the literature for 
other hardwood species. 
Rays in G. robusta had thinner cell walls and smaller cell wall areas than 
fibres. This may have influenced their chemical composition. Although the 
present work did not examine the chemical composition of each cell wall layer, it 
is known that the distribution of chemical component is not uniform across the 
cell wall (Panshin and De Zeeuw, 1980). In normal wood, the cell wall of fibres is 
composed of a thick S2 layer, which constitutes the bulk of the cell wall, and 
relatively thin Sl' S3 and compound middle lamella layers. The S2 layer of fibres 
is rich in cellulose, while lignin is concentrated in the middle lamella. Ray 
parenchyma has different cell wall layers that are not observed in the cell walls of 
fibres or tracheids (Fujii et al., 1980, 1981; quoted in Harada and Cote, 1985). A 
characteristic feature of hardwood parenchyma cell walls is the presence in the 
secondary wall of amorphous layers which are rich in hemicellulose and lignin. 
Amorphous layers have been observed in the ray parenchyma cell walls of 50 
Japanese hardwoods (Fujii et al., 1980, 1981; quoted in Harada and Cote; 1985). 
This feature may explain the high xylose and lignin content obtained for the ray 
tissue fraction of G. robusta. 
The extractive content of ray tissue was higher than non-ray tissue or 
whole wood. This may be explained with reference to the physiological function 
of ray cells within trees. Extractives are formed from carbohydrates derived from 
photosynthesis. Hence the location of extractives within wood is likely to be 
related to the original location of these carbohydrates. Since ray parenchyma 
cells have a role in the storage of food reserves, i.e., fatty acids, esters and other 
soluble metabolic products, it is not surprising that on heartwood formation they 
have a high extractive content. 
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The variation in extractive, lignin and holocellulose derived sugar 
contents of ray tissue, non-ray tissue and whole wood with distance from the 
pith was examined. There have been some studies of the variation in the 
chemical composition of whole wood from pith to bark, but no studies, for any 
species, of the variation in chemical composition of ray tissue from pith to bark. 
Interestingly, the variation in extractive content of ray tissue, non-ray tissue and 
whole wood from pith to bark was similar, i.e., it increased slightly from the pith 
to the outer heartwood, and then decreased to the bark. This pattern may be 
related to the accelerated biosynthesis of extractives that occurs in the transition 
zone between sapwood and heartwood of both ray tissue and non-ray tissue. 
Similar patterns are found in the heartwood of other hardwoods. For example, 
Nelson (1975) reported that ray parenchyma cells dissected from outer heartwood 
of Q. rubra and J. nigra had a higher extractive content than cells dissected from 
inner heartwood. 
The acid-insoluble (Klason) lignin content of G. robusta showed a slight 
decrease with distance from the pith, while the acid-soluble lignin content was 
more variable. The holocellulose derived sugar content also varied with 
distance from the pith. The xylose and glucose content of whole wood was 
relatively constant with distance from the pith, whereas the xylose and glucose 
contents of ray and non-ray tissue were more variable and showed no general 
trend. In general the chemical composition of whole wood fell between that of 
ray and non-ray tissues indicating that the proportion of ray tissue within the 
stem exerts an influence on the chemical composition of whole wood. The 
proportion of rays decreased slightly from pith to the bark and so did the 
extractive, lignin and xylose content of whole wood. 
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7.2.2. The effect of rays on sorption characteristics 
Differences in the chemical composition of ray tissue, non-ray tissue and 
whole wood in G. robusta may be expected to influence their sorption 
characteristics. Ray tissue had a lower sorption capacity than non-ray tissue 
irrespective of humidity level. The sorption capacity of whole wood was slightly 
less than non-ray tissue although this was not observed in every wood sample. 
Accordingly, the fibre saturation point (FSP) of ray tissue was lower (21.22 %) 
than the FSP of non-ray tissue (28.10 %) and whole wood (27.12 %). These results 
can be related to differences in the chemical composition of ray tissue, non-ray 
tissue and whole wood. The relationship between the chemical composition of 
ray and non-ray tissues and their sorption characteristics accords with previous 
findings in the literature. Of wood primary chemical constituents, hemicellulose 
is the most hygroscopic and lignin is the least hygroscopic. The hygroscopicity of 
cellulose falls between that of hemicellulose and lignin. The higher lignin 
content of the ray tissue fraction here may account for the lower moisture 
sorption characteristics of ray tissue. The greater hemicellulose content of ray 
tissue which is likely to increase water sorption might be masked by its higher 
lignin and extractive content (see below) and lower cellulose content. 
Furthermore, if the crystallinity of the cellulose in ray tissue was higher than in 
whole wood, then the sorption of water by the cellulose in ray tissue would be 
reduced. 
In addition to the maJor chemical component, the higher extractive 
content of ray tissue (11.25 %) than non-ray tissue (6.30 %) and whole wood (7.74 
%) may also reduce the water sorption of ray tissue. Although there have been 
no studies of the effect of extractives on the sorption characteristics of ray tissue, 
the effect of extractives on the sorption characteristics of wood has been 
examined a number of times. Extractives in wood generally occupy the lumen of 
cells and the interstices within cell walls. Extractives in the cell lumens do not 
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affect sorption characteristics, but extractives within the interstices of the cell 
walls may cause permanent bulking. The lower moisture sorption of ray tissue 
might be accounted for by this phenomenon. In support of this suggestion, 
when changes in sorption characteristics with distance from the pith were 
examined, it was observed that the moisture sorption of outer wood sections 
(sapwood) were greater than the inner extractive rich sections (heartwood) 
irrespective of tissue type and relative humidity level. 
7.2.3. The effect of rays on shrinkage 
When moisture is removed from wood cell walls, i.e., below FSP, 
shrinkage occurs which is anisotropic with respect to the longitudinal, radial and 
tangential directions. The factors that influence shrinkage anisotropy are 
complex, but the proportion and dimensions of different structural elements and 
their chemical composition are thought to be the major factors affecting 
shrinkage anisotropy. Ray parenchyma is thought to have in1portant influences 
on shrinkage anisotropy. Some attempts have been made to relate the 
dimensions, chemical composition and proportion of ray parenchyma to 
shrinkage anisotropy (Kelsey, 1963). With exception of the proportion of ray 
tissue, the present work did not examine directly the influence of cell 
dimensions and their chemical con1position on the shrinkage anisotropy of G. 
robusta. However, information obtained from an examination of the cell 
dimensions of fibres and rays, and the chemical composition and sorption 
characteristics of ray tissue, non-ray tissue and whole wood can be related to 
observations on the shrinkage anisotropy of G. robusta. 
As expected, the shrinkage characteristics of ray tissue in G. robusta 
differed from non-ray tissue and whole wood. It was found that shrinkage in the 
radial, tangential and longitudinal directions of ray tissue was 0.64 %, 3.18 % and 
1.50 %, respectively, whereas comparable figures for non-ray tissue were 3.32 %, 
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7.85 % and 0.44 %, respectively. These results clearly showed that transverse 
shrinkage of isolated ray tissue was lower than for non-ray tissue. The low 
transverse shrinkage of ray tissue may be due in part to its thin cell walls and low 
cell wall area. Additionally, the low cellulose, holocellulose and the high lignin 
and extractive content of ray tissue and hence its low hygroscopicity are also 
likely to reduce transverse shrinkage. However, these factors appeared to have 
little effect on longitudinal shrinkage, since the shrinkage of ray tissue in its long 
axis (i.e., radial to the stem) was higher than the longitudinal shrinkage of non-
ray tissue. Although this study did not examine the microfibril angle of ray 
parenchyma and fibres, literature suggests that the 1nicrofibril angle of the 
former is considerably greater than the latter. Since there is a positive correlation 
between microfibril angle and longitudinal shrinkage (Kelsey, 1963), higher 
microfibril angles may also contribute to the greater longitudinal and lower 
transverse shrinkage of ray tissue compared to non-ray tissue. 
The effect of the proportion of ray tissue on shrinkage anisotropy has been 
reported in the literature, but there are differences in opinion as to the influence 
of rays on shrinkage anisotropy. It has been clearly shown here that the radial 
shrinkage of non-ray tissue in G. robusta was greater than that of ray tissue, 
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There have been no direct 
measurements of the effect of ray parenchyma on longitudinal shrinkage, but it 
was suggested (Clarke, 1930, Hale, 1957 and Kelsey, 1963) that rays increase 
shrinkage in the longitudinal direction. 
The following factors, which were not exan1ined in this study, have been 
proposed as having some effect in restraining radial shrinkage; the cellulose 
microfibril orientation in radial and tangential cell walls, the ratio of radial to 
tangential cell wall thickness and the degree of pitting in tangential and radial 
cell walls (Erickson, 1955). 
7.2.4. Wood properties of G. robusta 
G. robusta is being widely planted in n1any countries as a shade tree in 
coffee and tea plantations (Harwood, 1989), and it has been suggested that large 
plantations may be established in India to supply wood for pulp mills (Ghosh 
and Rao, 1972). Despite the increasing interest by forest industries in utilising G. 
robusta, relatively little is known about its wood properties. Although the 
primary aim of this study was to exan1ine the physical and chemical properties of 
ray tissue in G. robusta and to determine the influence of rays on shrinkage, the 
properties of ray tissue were compared with those of non-ray tissue and whole 
wood. Hence this study also provided information on many wood properties of 
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Table 7.1. Wood properties of G. robusta 
Wood property Present study Previous study /Ref. 
1. Anatomical properties 
A. Fibre dimensions 
Cell wall thickness 3.06 µm 5.7 µm / 1 
Lumen diameter 10.11 µm 15.3 µm / 1 
Cell wall area 62.10 % 
B. Rar 12arenchima dimensions 
Cell wa 11 thickness 1.33 µm 
Lumen diameter 16.22 µm 
Cell wall area 30.40 % 
2. Chemical properties 
A. Extractives 
Heartwood 9.89 % 
Sapwood 5.59 % 
Mean 7.74 % 
B. Acid-insoluble lignin 
Heartwood 21.44 % 
Sapwood 21.13 % 
Mean 21.31 % 
C. Acid-soluble lignin 
Heartwood 2.26 % 
Sapwood 2.38 % 
Mean 2.32 % 
D. Cellulose 44.86 % 
E. -Holocellulose 79.96 % 
F. Sim12le sugars 
a. Glucose 
Heartwood 63.85 % 
Sapwood 64.95 % 
Mean 64.40 % 
b. Xilose 
Heartwood 29.62 % 
Sapwood 30.38 % 
Mean 30.00 % 
c. Mannose 
Heartwood 4.68 % 
Sapwood 6.52 % 
Mean 5.60 % 
3. Fibre saturation point 
Heartwood 26.54 % 
Sapwood 27.70 % 
Mean 27.12 % 28 - 29 %/ 2 
4. Shrinkage 
' 
1. Istas et al., (1954), 2. Jain and Pandey (1982) and 3. Greenhill (1944). 
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G. robusta that are absent from the literature. These are summarised in Table 7.1 
along with existing information on the wood properties of G. robusta. 
7.3 Limitations and suggestions for further research 
This study has suggested further research that could be undertaken on the 
properties of wood with a high proportion of rays. The variation in cell 
dimensions, chemical and physical characteristics of ray and non-ray tissue could 
be expected to influence the density and strength of whole wood. However, 
there have been few studies which have examined this. It may be possible that 
the shape of rays, i.e., narrow, tall or wide, plays an important role in 
determining the properties of whole wood. Therefore, it might be worthwhile to 
investigate further the effect of ray shape on shrinkage and strength. The 
microfibril angle of ray tissue of G. robusta is likely to affect shrinkage, but this 
has not been investigated. More detailed examination of the chemical 
characteristics of ray tissue may be of value. For example, the crystallinity and 
degree of polymerisation of ray parenchyma cellulose may differ from that of 
fibre cellulose and this could possibly influence both strength and shrinkage. 
Variation in ray parenchyma proportion between provenances grown as 
exotic plantations may occur. Meier (1922) suggested that variation of ray 
proportion in some hardwood species may also be influenced by environmental 
conditions. Furthern1ore, growth rate was suggested by Bannan (1954; quoted in 
Taylor, 1969) as a factor that increased the proportion of ray parenchyma. Thus, 
-
differences of ray parenchyma proportion are likely to occur between 
provenances and between trees grown on different sites. Since ray proportion 
was positively correlated with longitudinal shrinkage, wood from trees with 
high proportions of ray parenchyma may cause utilisation problems. This area 
needs further investigation. It may be possible to select provenances with a low 
proportion of ray parenchyma. Conversely, since rays enhance the value of 
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timber for some decorative end uses, it may be possible to select some trees with 
a high proportion of ray parenchyma. 
This study used sample materials cut from indigenous slow grown 
plantation trees. The properties of G. robusta cut from such trees are likely to 
differ from the properties of fast grown exotic plantation trees. With the 
increasing use of G. robusta overseas, there is probably a need for further 
examination of the wood properties of G. robusta grown as an exotic. 
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ANOVA Tables on the properties of ray tissue, non-ray tissue or whole wood 
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Table 1. Analyses of variance CANOVA) on fibre and ray dimensions in 
G. robusta 
Source of variance DF ss MS F Significance 
1. Fibre wall thickness 
Tree 2 0.1586 0.0793 2.04 NS 
Section 3 0.1168 0.0389 4.40 * 
Distance 8 0.6724 0.0841 9.49 *** 
Residual 26 0.2303 0.0089 
Total 39 0.9969 
2. Fibre lumen diameter 
Tree 2 3.3786 1.6893 0.91 NS 
Section 3 5.5844 1.8615 6.48 ** 
Distance 8 60.6471 7.5809 26.37 *** 
Residual 26 7.4744 0.2875 
Total 39 41.4311 
3. Fibre wall area 
Tree 2 210.7110 105.3560 17.40 *** 
Section 3 18.1600 6.0530 0.89 NS 
Distance 8 263.2640 32.9080 4.85 * 
Residual 26 176.2800 6.7800 
Total 39 521.2360 
4. Ray cell wall thickness 
Tree 2 0.0963 0.0481 3.56 * 
Section 3 0.0405 0.0135 4.20 * 
Distance 8 0.0848 0.0106 3.30 NS 
Residual 26 0.0836 0.0032 
Total · 32 0.2232 
5. Ray lumen diameter 
Tree 2 48.3053 24.1527 6.31 ** 
Section 3 11.4863 3.8288 6.55 ** 
Distance 8 90.4398 11.3050 19.35 *** 
Residual 26 15.1869 0.5841 
Total 39 79.8151 
6. Ray cell wall area 
Tree 2 159.450 79.725 8.18 ** 
Section 3 29.2510 9.750 2.26 NS 
Distance 8 299.4130 37.427 10.34 *** 
Residual 26 94.0670 3.618 
Total 39 315.2830 
7. Ray tissue area 
Tree 2 40.8960 20.448 - 1.61 NS 
Section 3 38.0830 12.694 3.11 NS 
Distance 8 137.8380 17.230 4.22 * 
Residual 26 106.2210 4.085 
Total 39 212.9510 
DF: degree of freedom; SS: sum of squares; MS: mean of squares; F: F ratio 
NS: not significant (p>0.05); *: p<0.05; **: p<0.01; ***: p<0.001 
Table 2. Analysis of variance (ANOVA) on cellulose and 
holocellulose contents in G.robusta 
1. Cellulose 
Source ss OF MS F Significance 
Tree no. 6.399 2 3.200 2.340 NS 
Tissue type 280.307 2 140.153 102.497 *** 
Error 5.470 4 1.367 
Total 292.176 8 
2. Holocellulose 
Source ss OF MS F Significance 
Tree no. 3.654 2 1.827 2.718 NS 
Tissue type 272.461 2 136.230 202.630 *** 
Error 2.689 4 0.672 
Total 278.804 8 
SS: sum of squares; OF: degree of freedom; MS: mean of squares; F: F ratio; 
NS : not significant <e > 0.05); ***: e < 0.001 
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Table 3. Analysis of variance CANOVA) on extractives, lignin and 
sugar contents in G.robusta 
1. Extractive 
t Source DF ss MS F Significance 
Tree no. 2 7.198 3.599 1.939 NS 
Tissue tyype 2 183.972 91.986 37.839 *** 
Tree x tissue type 4 9.724 2.431 1.310 NS 
Distance 4 149.831 37.458 20.180 *** 
Distance x tissue 7 2.768 1.395 0.213 NS 
Residual 22 17.852 1.856 
Total 41 
2. Klason lignin 
Tree no. 2 1.781 0.891 1.098 NS 
Tissue type 2 679.856 399.928 162.102 *** 
Tree x Tisue type 4 8.388 2.097 2.584 NS 
Distance 4 6.030 1.508 1.858 NS 
Distance x tissue 7 7.765 1.109 1.367 NS 
Residual 22 17.852 0.811 
Total 41 
3. Acid-soluble lignin 
Tree no. 2 0.495 0.247 0.862 NS 
Tissue type 2 5.067 2.533 1.785 NS 
Tree x tissue type 4 5.677 1.419 4.944 ** 
Distance 4 1.273 0.318 1.109 NS 
Distance x tissue 7 2.859 0.408 1.367 NS 
Residual 22 6.315 0.287 
Total 41 
4. Xylose 
Tree no. 2 178.798 89.399 3.778 * 
Tissue type 2 606.499 303.249 60.619 *** 
Tree x tissue type 4 20.010 5.003 0.211 NS 
Distance 4 2.664 6.166 0.261 NS 
Distance x tissue 7 80.562 11.509 0.486 NS 
Residual 22 520.551 23.661 
Total 41 
5. Glucose 
Tree no. 2 226.671 113.336 -11.833 *** 
Tissue type 2 427.482 213.741 12.044 * 
Tree x tissue type 4 70.990 17.747 1.853 NS 
Distance 4 374.829 93.707 9.784 *** 
Distance x tissue 7 286.091 40.870 4.267 ** 
Residual 22 210.712 2.528 
Total 41 
DF: degree of freedom; SS: sum of squares: MS: mean of squares; F: 
F ratio; NS: not significant C:e>0.05); **: :e<0.01; ***: p<0.001 
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Table 4 Analysis of variance (ANOV A) on the adsorption moisture 
contents of ray tissue, non-ray tissue and whole wood. 
Source DF ss MS F S ignifica nee 
t 1. Adso!]2tion at 33 % r.h. 
Tree no. 2 0.056 0.028 2.056 NS 
Tissue type 2 6.649 3.325 322.816 *** 
Tree x tissue 4 0.041 0.010 0.752 NS 
Distance 4 1.173 0.293 21.406 *** 
Dist. x tissue 8 0.156 0.020 1.427 NS 
Residual 24 0.329 0.014 
Total 44 
2. Adsorption at 58 % r.h. 
Tree no. 2 0.009 0.004 0.108 NS 
Tissue type 2 32.094 16.047 1753.988 *** 
Tree x tissue 4 0.037 0.009 0.223 NS 
Distance 4 2.638 0.660 16.085 *** 
Dist. x tissue 8 0.778 0.097 2.373 * 
Residual 24 0.984 0.041 
Total 44 
3. Adsoq2tion at 76 % r.h. 
Tree no. 2 0.115 0.058 0.550 NS 
Tissue type 2 52.687 26.344 865.931 *** 
Tree x tissue 4 0.122 0.030 0.290 NS 
Distance 4 5.850 1.463 13.937 *** 
Dist. x tissue 8 2.147 0.268 2.557 * 
Residual 24 2.519 0.105 
Total 44 
4. Adsoq2tion at 86 % r.h. 
Tree no. 2 0.115 0.058 0.662 NS 
Tissue type 2 80.751 40.375 979.433 *** 
Tree x tissue 4 0.165 0.041 0.473 NS 
Distance 4 3.387 0.847 9.717 *** 
Dist. x tissue 8 1.396 0.175 2.003 NS 
Residual 24 2.091 0.087 
Total 44 
5. Adsor:etion at 100 % r.h. 
Tree no. 2 0.087 0.043 0.334 NS 
Tissue type 2 415.354 207.677 2.123E4 *** 
Tree x tissue 4 0.039 0.010 0.075 NS 
Distance 4 2.659 0.665 5.124 *** 
Dist. x tissue 8 1.122 0.140 1.081 * 
Residual 24 3.113 0.130 
Total 44 
DF: degree of freedom; SS : su111 of squares; MS : mean of squares; 
F: F ratio; NS : not significant (p>0.05); *: p<0.05; ** : p<0.005; 
***: <0.001 
Table 5. Analysis of variance (ANOVA) on the desorption moisture 
contents of ray tissue, non-ray tissue and whole wood. 
Source DF ss MS F Significance 
1. Desori2tion at 33 % r.h. 
Tree no. 2 0.118 0.059 1.482 NS 
Tissue type 2 4.645 2.322 75.274 *** 
Tree x tissue 4 0.123 0.031 0.774 NS 
Distance 4 2.230 0.558 13.982 *** 
Dist. x tissue 8 0.448 0.056 1.404 NS 
Residual 24 0.957 0.040 
Total 44 
2. Deso!]2tion at 58 % r.h. 
Tree no. 2 0.054 0.027 0.507 NS 
Tissue type 2 156.713 78.357 2387.549 *** 
Tree x tissue 4 0.131 0.033 0.618 NS 
Distance 4 7.328 1.832 34.523 *** 
Dist. x tissue 8 3.548 0.443 8.357 *** 
Residual 24 1.274 0.053 
Total 44 
3. Desor:etion at 76 % r.h. 
Tree no. 2 0.045 0.022 0.230 NS 
Tissue type 2 186.740 93.370 3.372E4 *** 
Tree x tissue 4 0.011 0.003 0.028 NS 
Distance 4 3.187 0.797 8.176 *** 
Dist. x tissue 8 0.974 0.122 1.249 NS 
Residual 24 2.339 0.097 
Total 44 
4. Desoq2tion at 86 % r.h. 
Tree no. 2 0.176 0.088 3.328 NS 
Tissue type 2 53.534 26.767 861.040 *** 
Tree x tissue 4 0.124 0.031 1.176 NS 
Distance 4 2.008 0.502 18.990 *** 
Dist. x tissue 8 1.115 0.139 - 5.270 *** 
Residual 24 0.635 0.026 
Total 44 
DF: degree of freedom; SS : sum of squares; MS : mean of squares; 
F: F ratio; NS: not significant (p>0.05); *: p<0.05; **: p<0.005; 
*** : p<0.001 
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Table 6. T tests of the difference between A/D ratios of ray tissue, 
non-ray tissue and whole wood at 33, 58, 76 and 86 % r.h. 
Tissue type Mean MC(%) t Significance 
33 % r.h. 58 % r.h. 
Ray 0.71 0.70 0.632 NS 
Non-ray 0.72 0.72 0.000 NS 
Whole wood 0.73 0.71 4.243 * 
58 % r.h. 76 % r.h. 
Ray 0.70 0.78 -9.798 *** 
Non-ray 0.72 0.78 -9.500 *** 
Whole wood 0.71 0.77 -19.000 *** 
76 % r.h. 86 % r.h. 
Ray 0.78 0.79 -2.000 NS 
Non-ray 0.78 0.84 -7.348 *** 
Whole wood 0.77 0.82 -14.000 *** 
t : t statistics; NS: not significant (p>0.05); *** : p< 0.001 
Table 7. Analysis of variance (ANOV A) on shrinkage of whole wood 
1. Radial direction 
Source DF ss MS F Significance 
Tree no. 2 0.420 0.210 1.798 NS 
Distance 4 1.544 0.386 3.306 NS 
Residual 6 0.700 0.117 
Total 12 
2. Tangential direction 
Tree no. 2 1.010 0.505 2.776 NS 
Distance 4 1.510 0.780 2.075 NS 
Residual 6 1.091 0.182 
Total 12 
3. Longitudinal direction 
Tree no. 2 0.001 0.001 0.115 NS 
Distance 4 0.002 4.167E-4 0.076 NS 
Residual 6 0.033 0.005 
Total 12 
DF: degree of freedom; SS: sum of squares: MS: mean of squares; 
F: F ratio; NS: not significant (p>0.05) 
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Table 8. Analysis of variance (ANOVA) on shrinkage of ray tissue 
Source DF ss MS F Significance 
1. Radial direction 
Tree no. 2 0.009 0.005 1.504 NS 
Distance 4 0.044 0.011 3.612 NS 
Residual 6 0.018 0.003 
Total 12 
2. Tangential direction 
Tree no. 2 1.055 0.527 0.823 NS 
Distance 4 1.342 0.336 0.524 NS 
Residual 6 3.843 
Total 12 
3. Longitudinal direction 
Tree no. 2 0.002 0.001 0.334 NS 
Distance 4 0.014 0.003 1.325 NS 
Residual 6 0.015 0.003 
Total 12 
DF: degree of freedom; SS: sum of squares; MS: mean of squares; 
F: F ratio; NS: not significant (p>0.05) 
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Table 9. Analysis of variance (ANOVA) on shrinkage of non-ray tissue 
I. Source DF ss 
MS F Significance 
1. Radial direction 
Tree no. 2 0.076 0.038 0.358 NS 
Distance 4 0.335 0.084 0.788 NS 
Residual 6 0.638 0.106 
Total 12 
2. Tangential direction 
Tree no. 2 0.306 0.153 2.715 NS 
Distance 4 0.062 0.016 0.275 NS 
Residual 6 0.338 
Total 12 
' 
3. Longitudinal direction 
Tree no. 2 0.015 0.008 0.999 NS 
Distance 4 0.030 0.008 0.999 NS 
Residual 6 0.046 0.008 
Total 12 
DF: degree of freedom; SS: sum of squares; MS: mean of squares; 
F: F ratio; NS: not significant (p>0.05) 
